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EXECUTIVE SUMMARY 


A. OBJECTIVE 


The objective of this program was to determine the synergistic 
effects of blast and fragments on conStruction materials. This 
required the conduct of a test series to determine the structural 
loads and the actual failure mechanisms induced by blast loads, 
fragment loads and the combinations of both. 


B. BACKGROUND 


Simultaneous impact and blast loads applied to a structure can 
cause responses that in some cases are more severe than the sum cf 
the damage generated in the structure through the independent 
application of the loads. Hence, this simultaneous loading is 
considered to be synergistic in the sense that the simultaneous 
damage is greater than the sum of the impact and non-impact loadings. 


oF SCOPE 


Tests and analysis were conducted to define this synergism. 
The first series of tests was conducted to quantify the loads 
generated by the cased weapon and to eStablish an equivalent bare 
explosive charge with the same impulse distribution as the cased 
weapon, The second series of tests was performed in conjunction 
with analyses efforts to determine and compare the response modes 
of structural components loaded with both cased and uncased scale 
model weapons and to supplement future analytical developments. 
These tests involved scale model panels, 


D. CONCLUSIONS 


The important comparison that was made is between the measured 
stresses generated by the lightly cased, heavily cased and bare 
equivalent charges. It is important to note that these comparisons 
are being made for charges of equivalent impulse, not simply 
equivalent explosive weight. The fragment impulse is being accounted 
for in the bare charge equivalent weight. 


1) The heavily cased charges (2.4 lb. cased) in tests 15 and 
19 produced significantly higher interior stresses than the lightly 
cased test (2.7 1b. cased, test 13) by a factor of 1.7 in the Type 
B panel. 


2) The heavily cased charge produced stresses 4 times higher 
than the equivalent bare charge for the Type B panel. 


3) In the SIFCON panels (Type C) the stresses are much higher 
due to the increased density and impedance. 


BE. RECOMMENDATIONS 


Future work in the definition of the synergism in blast and 
fragment loadings should include a second phase of laboratory testing 
and some additional analysis as well as some effort to integrate 
the information derived from research and testing into design 
guidance for protective construction. These phases could be con- 
ducted as follows: 


PHASE ITI: 


(1) Laboratory tests and numerical analysis to define 
fragment and blast shock front interaction and 
material failure in a loaded specimen. 

(2) Characterization of response mode change with 
respect to standoff based on fragment density and 
shock intensity calculations. 


PHASE III: 
(1) Analytic model development/refinement 
(2) Selection of optimum materials and structural 


configurations 


PREFACE 


This work has been prepared as_ required by Contract 
FO8635-89~C-0195 for the Air Force Engineering and Services Center 
(AFESC), Tyndall Air Force Base, Florida, as administered by the 
Department of the Air Force Munitions System Division, (MSD/PMR) 
at Eglin Air Force Base, Florida. The work has been carried out 
under Southwest Research Institute (SwRI) Project 06-2821. 


The HQ AFESC/RDCS project officer for the program was Lt. James 
Underwood at AFESC/RDCS. The work reported has been accomplished 
by Messrs. Kirk A. Marchand and Luis M. Vargas of the Structural 
Engineering Department and Jerry D. Nixon of the Materials Sciences 
Department of the Engineering and Materials Sciences Division at 
SwRI. Dr. Ulric S. Lindholm is the Vice President of the Engineering 
and Materials Sciences Division and is also Director of the 
Structural Engineering Department. Work was accomplished between 
March 1989 and July 1991. 


The authors would like to thank Messrs. M. Ray Burgamy and Joe 
Elizondo for their efforts in conducting the experiments and to 
Ms. Terry Sloan for her efforts in preparing the manuscript. 


WILLIAM S. STRICKLAND, GM-14 NEIL 4, FRAVEL, Lt Col, USAF 
Chief, Air Base Survivability Chief, Engineering Research 
Branch Division 


4 ra 


oe oe 
—<—aie st GALLAGHER III, Col, USAF 


Directoy, Engineering and Services Accession For 
Laboratory bo 
RTIS GRAAL 


DTIC TAB 
Unennounced 


Justisgftent fon... 


Distributions 
Avallability Codes 
jAvait and/or 


(The reverse of this page is blank.) 


Section 


Il 


Til 


TABLE OF CONTENTS 


INTRODUCTION ..... 


A. 
B. 
C. 


OBJECTIVE 
BACKGROUND . 


Title 


PURPOSE AND SCOPE 


eseevevusveen*@tesneoeeaeoeanee ee eee 


evoeoecereveeseeeeoeenesneeereoneen eee ete ees 


TEST PLAN, SETUP AND INSTRUMENTATION 


A. 


.B. 


TEST RESULTS .... 


A. 


DESIGN OF SCALED BARE AND CASED EXPLOSIVE 
CHARGES ..... 
TASK 1 - LOADS TEST" . 


1. 


eeeee 


eoesee 


Task 1A - Bare Charge Tests 
Test Description ....... 
Instrumentation .ececees 


ae 


b. 


Task 1B - Tests To Establish Impulse and _ 


seeeeeeaevoee ee 8 


Peak Pressure Distributions for a 
Simulated Cased Charge ....ceeccsecsseees 
Test Description ..cciscececcceesenns 
Instrumentation ...... 


a. 
b. 


TASK 2 - TESTS FOR PANEL RESPONSE MODE 
INITIATION STANDOFF - CASED AND BARE CHARGE 
TESTS 


l. 
2. 
3. 


LOADS TESTS 


l. 


Panel Fabrication ...sceccscnee 


e@seeveeeveveseeeeee see eeeae 


Test Description ...ceccceccerece 


Instrumentation :... 


Bare Charge Tests 


a. 
D. 
c. 
d. 
e. 


Test 
Test 
Test 
Test 
Test 


@eteestpevp eer of 

e e eeseoentreoesca ° 

eee @eeeseeoeve ee 
e@eeeteseeaesnoets eo 

eseeoeeevpeeatveeeeseeones 
eee ee oe 


vil 


° 
eeneen 
aon ae 
oeoene 
e@eete 
eenes 
aeeoose 
oeee 
eee 
eee 
ee 


= 


WS 


5 
5 
4 


TABLE OF CONTENTS 
(Continued) 


Section Title 


Cased Charge TeStS ..cserscccccccccccces 
Geo “TESt 6. iia ei do seeeesetereess 

ba TOGC. 7 Sei eee enka eta G eae ees es 
Ge LOBES ash 5 h4S6 ewes ee ene aes 


B. DETERMINATION OF EQUIVALENT BARE CHARGES 


1. Cased Charge Blast Impulse .......0..e00. 
2. Cased Charge Fragment Impulse ........e.. 
3. Equivalent Charge Definition ....cesacees 


Cc. PANEL TESTS @eeeseeteaeoeanteoeecoeveseeeeoesw ees oe eeeeneaeve 53 


l. Type A Panel Tests ..... ececcssees -I53 
a. Test 9 . ani ne te'e ca caceteuaenerees 
Be (Test 10 siveesee seks Ee rrr ere 
Can TOGE 1 EF os fae ectiwae eteaen eyed eee eree « 
Oe “TOSt, 12 sees C ks dae Ke aw Seelaw wee ES 


Type B Panel TestS ... ccc ceeesccveceneves 
Ae Test 13 eeeeseeeopseeseeoeeeeeseseeeeeeseevneeoee 
De Test 14 io eieiwe sate sods Sea wanes a eee 
Ge) Test oy i 566i 6 hei eee wir ete eee 
Ge. “Test IO a0 saiinee cee re wewekes 


Type C Panel Tests .... 

a. Test 17 wecvscaseae 

bs -Tesat 18° sssesisaieaeas 

Gem TOSC 219° icc keie 68d di cia ee were 
G. Test 20 wscccccvcaceses 


ANALYSIS OF RESULTS @eeevsveea1eesespansveseee 8 eee 
A. DISCUSSION OF RESULTS 
1. Loads Tests ..cccccess 


a. Bare Charge Tests 
b. Cased Charge Tests 


TABLE OF CONTENTS 
(Continued) 


Section Title Page 


26 Panel Tests: 60.00 csvssewiis ceiese etcevawas 97 
a. Response Mode .....ssccccccccvecsesese 97 
(1). Comparison of Bare and Cased 
Charge Responses ....ceeeesseee 97 
(2). Comparison of Spherical and 
Cylindrical Charges .......e0056 99 
b. Pressures and Pressure Decay ........ 100 
c. Data Analysis and Comparison with 
ERLStCing DSta xc scsa mesos 0 serene fs Sa --- 101 


B. EVALUATION OF EXISTING PREDICTIVE 
TECHNIQUES e@eenvpe*eoeoesoec epee eevee seseeeaeseeveeeevneeeeseeee 101 


1. Severe Dynamic Loads (Krauthammer) Code . 102 
2% WES Code pias Ccire a Sa Male aa) MAAS S eaceees Oe 
3. REICON eeeeeoeoewsvseevneeseevaeaseoeseeewe ese eenvene 102 
V CONCLUSIONS AND RECOMMENDATIONS ......... sececcee 108 


A. CONCLUSIONS @eeeeeseoeeseeeeeeeoee nee eseaeveeeteceeene 108 
B. RECOMMENDATIONS eoeeteoevoeeoseeaeaeesereeeewaee eevee eones 109 


REFERENCES ee¢vecoeceaeveeeweeseseeeeeevoseevoeseneeveseeoeeee eevee lll 
APPENDICES @eeeeoeeseseesvpeeeeeeveeeeoeeeaneevreeeoeeeeveseee e 113 


ix 


(The Reverse of this page is blank) 


LIST OF FIGURES 


Figure Title Page 

1 Physical Descriptions of Mk 82 and AN-Mk l 

BOWS sss SaG aot saweS Osa SOUS SOAS Vee waNe ge <7 
2 Reaction Structure for Testing .....cccccccesveee 8 
3 Charge and Impulse Plate Location for 

Loads TOStS .siviscetrcosesavecteteriesderesessas 8 
4 Schematic of the Impulse Plate .....cseeecceessee§ 9 
5 Impulse Plugs ...ssccscnscccseces (Neen ee tennessee. “AD 
6 Shorting Pin Setup for Plug Velocity 

Measurement .ecsccccccesscccscssccsvcccsccsvcccee AZ 
7 Side-on Pressure Gage Setup pede niussnuamatiedecs 13 
8 Sample Pressure - Time History Recorded During 

Testing Oe eo) 
9 Velocity Screen and Fiberboard Bundle Setup for 

Cased ‘Charge Tests: s:0ccssaeasedasnwwa seins ce¥eesw. 20 
10 Panel-Type A Layout ...ccccsecvecsscccccveccenece 20 
ll Panel-Type A Details ...cccccecccccccvcsevvcsesese Al 
12 Panel-Type B Layout ......-eeee. (sewer aerees aeae (22 
13 Panel-Type B Details ..........4. cece eeeeee eeecee 23 
14 Panel-Type C Layout ...-scessessescsnes seecceeeee 24 
15 Panel-Type C Details .....ccccscccccrees Cae a Saw eo 
16 Panel Fabrication ....cceeesecessccccces Muraeteee 226 
17 Panel Support .w.ccccccvccces Ceeeeeseavae Setedewee 27 
18 Panel-Type B Carbon Gage and es 

Locations ....... sec cceceneee 4 ate eee ww . errr 29 

xi 


LIST OF FIGURES 


(Continued) 
Figure Title Page 

19 Panel-Type C Carbon Gage and Piezocrystal 

Layout eesoeseoeeevaveeneeeeceoeevne see eteceeevnseesvseteete see asee 30 
20 Details of Gage Placement for 

Panel-Types B & C eseoecevpeoeaoevesvpeeeaeveevpeaeweoeeoe CSF HGaves 31 
21 Carbon Gage Power Supply Schematic .....eeeeeeee. 32 
22 Carbon Gage Sensitivity (GR/R) ...cscccecenecesee 32 
23 A Typical Carbon Gage Calibration Curve .......-. 34 
24 High-speed Camera Grid ..ccsccccccccccccvevereses 34 
25 Side-on Gage and Charge Placement for Test 1 .... - 36 
26 Fiberboard Setup for Tests 6 - 7 Sieaapeseone: 43 
27 Position Transducer Setup for Test 6 ..cccceeeeee 43 
28 Velocity Screen and Fiberboard Setup for 

Test 7 e@oaeset@eeonreeeveeevuseaeevueves ee evneseaeseeseeeeeuseeee 45 
29 Number of Fragment Impacts for the 2.7-Pound 

(Lightly Cased) Test ...ceveccccvevccsacreccsesese 49 
30 Fragment Impulse Distribution for the 2.7-Pound 

(Lightly Cased) Test eeeeeooaoeoeepepe@eeveseeoeaeeeeaesvez eo 8 49 
31 Number of Fragment Impacts for the 2.4-Pound 

(Heavily Cased) Test ..cecacsesceevecne itatitae cs. SOO 
32 Fragment Impulse Distribution for the 2.4-Pound 


(Heavily Cased) Test ....ccccvccescceseseveveeses 90 


33 Impulse Distributions for the 2.7-Pound and 
2.4-Pound Cased Charges at a 12 inch Standoff ... 52 


Comparison of the Predicted Blast and Fragment 
Impulse with the Equivalent Bare Explosive Charge 
for the 2.7-Pound Cased Charge 


LIST OF FIGURES 


(Continued) 
Figure Title Page 
35 Comparison of the Predicted Blast and Fragment 


Impulse with the Equivalent Bare Explosive Charge 
for the 2.4-Pound Cased Charge ...ccceceeseveceee 55 


36 Panel-Type A Mounted in Reaction Structure 

Support Frame ecotevudceovosvneevoe eee eeveeen seen eeseeeeeaeaeeeoe 56 
37 Charge Setup for Test 9 ..ccsccsevvecees a-hleelens iwe-- 56 
38 Test 9 Wall Damage (Type A, 2.7-Pound Cased 

Charge) @eeeoeeesespeseseceoseesesee eae eceees ee eee eeesaee*et@e mee ee 57 
39 Test 9 Wall Rotation (Type A, 2.7-Pound Cased 

Charge) @esvueeacvvesvpes se vnseveeeeaevpeseeoeeevoevneaseeevneaseeewsee teense 57 
40 Test 9 Charge Side Wall Damage (Type A, 2.7-Pound ~ 

Cased Charge @eeeeetwonveeseeneeveneevonenevnneeeeeaneveeoeateoeeon 58 
41 A Schematic of Test 9 Wall Damage (Type A, 

2.7-Pound Cased Charge) e@eoeeseeveeeorsrevneeeoereeseoaene 58 
42 Test 10 Wall Damage (Type A, 2.4-Pound Equivalent 

Charge) e@eoeoe@eeveeevnnmeeoeveeeeeveveeseeee eevee w ee see meee 62 
43 Test 10 Wall Damage Detail (Type A, 2.4-Pound 

Equivalent Charge) ..sccnceccccsecscssseseeces .» 62 
44 Tesc 10 Breach Detail after Debris Removal 

(Type A, 2.4-Pound Equivalent Charge) ...... eveee 63 
45 Test 10 Panel Rotation (Type A, 2.4-Pound 

Equivalent Charge) ..wcsccccccseenccacsacs Kee ees. (63 
46 Test 10 Charge Side Wall Damage (Type A, 

2.4-Pound Equivalent Charge) .....+.sssee. cceonen 64 
47 A Schematic of Test 10 Wall Damage (Type A, 

2.4-Pound Equivalent Charge) ....... oe neee eee er 64 


xiil 


LIST OF FIGURES 


(Continued) 
Figure Title Page 

48 Test 1l Wall Damage (Type A, 2.4-Pound Cased 

Charge) @eseeoeoao4oaoeo4an¢oeoseee@eoeepeceoeeneeneveeseeeeeeeeeaeeseeeeve 65 
49 Test 11 Wall Damage Detail (Type A, 2.4-Pound 

Cased Charge) @eseeoecevoeceeaeeeoeewewpseepeevoeue see e eee aes 65 
50 Test 11 Wall Rotation (Type A, 2.4-Pound Cased 

Charge) @eeetueevees@eteaovpese* eee eeenasewasepeaeseseovpuxe eee eee eeeogs 66 
51 Test 11 Charge Side Wall Damage (Type A, 

2.4-Pound Cased Charge) eovreewreeneseeanaeeeenesoeeoeeevas 66 
52 A Schematic of Test 11 Wall Damage (Type ae 

2.4-Pound Cased Charge) @eseeteecuooeoeeeevesnseoene@# e eeoeoe 68 
53 Test 12 Wall Damage (Type A, 2.8-Pound Equivalent ~ 

Charge) *eeeeoeewoe eo eseoxvnwmevpeeneeeeaeovseevuavpeevoeeaeeaeeees 68 
54 Test 12 Wall Damage Detail (Type A, 2.8-Pound 

Equivalent Charge) ..cccccncesccncrecsaccscsccess 69 
55 Test 12 Wall Rotation (Type A, 2.8-Pound 

Equivalent Charge) .....cccssccessevees Momed gees ADD 
56 Test 12 Charge Side Wall Damage (Type A, 

2.8-Pound Equivalent Charge) aeeenvevevee eoeoveveneewens 70 
57 A Schematic of Test 12 Wall Damage (Type A, 

2.8-Pound Equivalent Charge) ............ ‘iene, — £0 
58 Test 13 Wall Damage (Type B, 2.7-Pound Cased 

Charge) @enneevceeaeeoseeeoeoevpesveeevoevee*e see eeveseeeaevnteevoese evn eevean eee 72 
59 Test 13 Wall Rotation (Type B, 2.7-Pound Cased 

Charge) @e@eseac@eoesvupeseeanvpeaeaseveeaeeeoease ee eeeveenve se e@eovoseove 72 
60 Test 13 Charge Side Wall Damage (Type B, 

2.7-Pound Cased Charge) osevneeceoseaevreese ves eee eee 73 


Figure 


61 


62 


63 


64 


65 


66 


67 


68 


69 


70 


71 


72 


73 


LIST OF FIGURES 
(Continued) 


Title 


A Schematic of Test 13 Wall Damage (Type B, 
2.7-Pound Cased Charge) eeoeseevoeoeenenteoeeeaeneetenesea 


Test 14 Wall Damage (Type B, 2.4-Pound Equivalent 
Charge) @e@eesooaostevpeee¢eeeeeeseeeeeveses ea esses eveeeeeaeen 


Test 14 Wall Damage Detail (Type B, 2.4-Pound 
Equivalent Charge) @eeeeoeeteeeoeeoeseesvseeeveeer et eeetoaee 


Test 14 Wall Rotation (Type B, 2.4-Pound 
Equivalent Charge) ..ccssccccsenene aisteeu eee aus 


Test 14 Charge Side Wall Damage (Type B, 
2.4-Pound Equivalent Charge) eeeroveeseaereaeeeeue nena 


A Schematic of Test 14 Wall Damage (Type B, 


2.4-Pound Equivalent Charge) ..scccceccevccscseee 


Test 15 Wall Damage (Type B, 2.4-Pound Cased 
Charge) ee@eaeeceooeveaetpaeevseeaeeeevneeneeaeeosvseeeoeeevneveeweesteneese 


Test 15 Wall Damage Detail (Type B, 2.4-Pound 
Cased Charge) esee@o@eeeoseesvereeseeeeeseeereeoeeeeoeweeseeeegensee 


Test 15 Wall Rotation (Type B, 2.4-Pound Cased 
Charge) @esesoeseaoseeeereeeeeeeeeoees *eeeneveeseeoesesveesene ee @ 


Test 15 Charge Side Wall Damage (Type B, 
2.4-Pound Cased Charge) e@eeveene @eeoeoveeteeoeseeeeesene 


A Schematic of Test 15 Wall Damage (Type B, 
2.4-Pound Cased Charge) oeeveeesvneeeree eoeoeereesenee e 


Test 16 Wall Damage (Type B, 2.8-Pound iapiceues 
Spherical Charge) @eeeeaoveoeerteevpesszsee eoe@eoesee eeeseovovuee oeee 


Test 16 Charge Side Wall Damage (Type B, 
2.8-Pound Equivalent Spherical Charge) .......... 


XV 


Page 


73 


75 


75 


76 


76 


77 


79 


79 


80 


80 


81 


81 


82 


LIST OF FIGURES 


(Continued) 
Figure Title Page 
74 A Schematic of Test 16 Wall Damage (Type B, 


2 .8-Pound Equivalent Spherical Charge) e@eeetrevecen 82 


75 Test 17 Wall Damage (Type C, 2.7-Pound Cased 
Charge) eesneeooeoescvpeoeeeoseveevsuevne eee eespevvneeeoespe ee eens 84 


76 Test 17 Wall Damage Detail (Type C, 2.7-Pound 
Cased Charge) e@eeseoe@#@eoseeuene ev ee seeoeseeeveseveeeveesee eee ee 84 


77 Test 17 Charge Side Wall Damage (Type C, 
2.7-Pound Cased Charge) e@veeceoesaererueeceee ee eneeenee 85 


78 A Schematic of Test 17 Wall Damage (Type C, 
2./7-Pound Cased Charge) eoevveeveevaerevneneoves een aseve 85 


79 Test 18 Wall Damage (Type C, 2.4-Pound Equivalent ~ 
Charge) eeeseeoveeceeeeveevneevpeeetseoesvseeeeneeveveoeoeeaeees eens 86 


80 Test 18 Wall Rotation (Type C, 2.4-Pound. 
Equivalent Charge) @eeeoseteoesese@eeveetoeerpseveeseeveeeeeeaeeen@ 86 


81 Test 18 Wall Damage Detail (Type C, 2.4~Pound 
Equivalent Charge) @eeesaeoeseeeceoespeeveeve eevee eeveaesvpeeeeee 87 


82 Test 18 Charge Side Wall Damage (Type C, 
2.4-Pound Equivalent Charge) ....ssccccccrerccere 87 


83 A Schematic of Test 18 Wall Damage (Type C, 
2.4-Pound Equivalent Charge) @eoeeeereenereeneoeoeeeoeere 88 


84 Test 19 Wall Damage (Type C, 2.4-Pound Cased 
Charge) @eeeeeeeoeaeseeseeveaespeoeepeeeoesvseeoeaeeweeeeeseeeanesenee @ 89 


85 Test 19 Wall Rotation (Type C, 2.4-Pound Cased 
Charge) @ee@eoeeevoeceenetweoeeesceoteewaeaeve*seseaeeev eee eseeeeaeeeee ee 89 


xvi 


Figure 


86 


87 


88 


89 


90 


91 


92 


93 
94 
95 
96 
A-1 
A-2 
A-3 
A-4 
A-5 


LIST OF FIGURES 


(Continued) 
Title Page 

Test 19 Wall Debris (Type C, 2.4-Pound Cased 
Charge) eaeeeocuouesneoecvanepweseseeceeveevneaeveeeseev ee Fee eeoens 91 
Test 19 Charge Side Wall Damage (Type C, 
2.4-Pound Cased Charge) eoeeeoeoeoseoeoeeoeovuaeeeeeeenenne 91 
A Schematic of Test 19 Wall Damage (Type C, 
2.4-Pound Cased Charge) eaeeeveveseoeeceneeee eee eveene 92 
Test 20 Wall Damage (Type C, 2.8-Pound Equivalent 
Charge) eeeceoeneaesecaneeeoeevneeeveeeeveveeeeeeaeoeve eee te eeeveave 92 
Test 20 Charge Side Wall Damage (Type C, 
2.8-Pound Equivalent Charge) ....-ececcesccece sve. 93 
Test 20 Wall Damage Detail (Type C, 2.8-Pound 
Equivalent Charge) ..cessesseeccceee cweeGewemewee 120 
A Schematic of Test 20 Wall Damage (Type C, 
2.8-Pound Equivalent Charge) e@esaeveveveeveeen 282 @eeeeeae 94 
Scaled Spall Diameter versus Scaled Range ....... 106 
Scaled Breach Diameter versus Scaled Range ...... 106 
Scaled Spall Diameter versus Load Rate .......... 107 
Scaled Breach Diameter versus Load Rate .....-.... 107 
Loads Test Data, Test 1, LOC 1 ..cerecverscersens 114 
Loads Test Data, Test 1, LOC 2 ..crcseceecccereves 115 
Loads Test Data, Test 1, LOC 3 ....seeeveees (nae 1k6 
Loads Test Data, Test 1, LOC 4 .....ceeeeeee Pend ane © WY J 
Loads Test Data, Test 1, LOC 6 ..cceseceeeee Meee LAS 


xvil 


Figure 


A~-6 
A-7 
A-8 
A-9 
A-10 


Loads 
Loads 
Loads 
Loads 


Loads 


Test 
Test 
Test 
Test 


Test 


Data, 
Data, 
Data, 


Data, 


Data, 


LiST OF FIGURES 
(Continued) 


Title 


Test 1, LOC 
Test 1, LOC 
Test 1, LOC 


ow CoO wo mw 


Test 1, LOC 
Test 1, LOC 10 


@s#@ee*r.@4en8 8 eee 


ee@eeoeesee 


eoeee 


Page 


119 
120 
121 
122 
123 


LIST OF FIGURES 
(Continued) 


Figure Title Page v 


A-26 Loads Test Data, Test as LOC 9 @teeeweeeeoeevevneveser 139 
A-27 Loads Test Data, Test 3, LOC 10 ...cccencveess ee» 140 
A-28 Loads Test Data, Test 3, LOC Ll ..rccccceseccesse L4l 


A-29 Loads Test Data, Test 3, LOC 12 ......ceeeeeee eee 142 
A-30 Loads Test Data, Test 4, LOC 1 ...ccccceecvccvecee 143 
A-31 Loads Test Data, Test 4, LOC 2 ee Tee twee. Lae 
A-32 Loads Test Data, Test 4, LOC 3 ...ccrcccecceceeee 145 
A-33 Loads Test Data, Test 4, LOC 4 ......... cocccceee 146 
A-34 Loads Test Data, Test 4, LOC 7 ....... pie arene aca sae AT 
A-35 Loads Test Data, Test 4, LOC 8 ...cccccccnccccseee 148 
A-36 Loads Test Data, Test 4, LOC 9 ...... wane eee ie ALA 
A-37 Loads Test Data, Test 4, LOC 10 ..... inte emawaeae- 190 
A-38 Loads Test Data, Test 4, LOC 11 ...ceccceceevevee L511 
A-39 Loads Test Data, Test 4, LOC 12 ........ caccveene 152 


A-40 Loads Test Data, Test 5, Loc 1 eereoereeereeeeovevee ene 153 


A-41 Loads Test Data, Test 5, LOC 2 .....sscecccccvces 154 
A-42 Loads Test Data, Test 5, LOC 5 .wecseeceecene «eae 155 
A-43 Loads Test Data, Test 5, LOC 6 ........ itvvewer ee T56 
A-44 Loads Test Data, Test 5, LOC 7 .wucsesceecace Keene LO? 
A-45 Loads Test Data, Test 5, LOC 8 .......... Pomcasie too 


LIST OF FIGURES 


(Continued) 
Figure Title Page 
A-46 Loads Test Data, Test S; LOC 9 eeeteeseeve eve eeesne 159 
A-47 Loads Test Data, Test 5, LOC 10 eeeeeoeveneeeeneneannes 160 


A-48 Loads Test Data, Test 5, LOC Ll accccccesccevceee L6L 


A-49 Loads Test Data, Test 5, LOC 12 .w.rcccccccece eeeg! Lee 
B-1 Loads Test Data, Test 6, LOC 1 wvceerecceeeseeeee 164 
B-2 Loads Test Data, Test 6, LOC 2 ....... eocccesecee 165 
B-3 Loads Test Data, Test 6, LOC 5 .. iMiwsiademen £66 
B-4 Loads Test Data, Test 6, LOC 6 . CVeaMee Cee ee LOT 
B-5 Loads Test Data, Test 6, LOC 7 cseessecceceeeeess 168 
B-6 Loads Test Data, Test 6, LOC 8 ....... erteta areal oes 169 
B-7 Loads Test Data, Test 6, LOC 9 ...... Sad setae 270 
B-8 Loads Test Data, Test 6, LOC 10 ......ceeeeeaeees LVL 
B-9 Loads Test Data, Test 6, LOC 1l ..... Seu eee awae LIS 

B-10 Leads Test Data, Test 6, LOC 12 ....ccceseveeseee 173 

B-11 Loads Test Data, Test 7, LOC 1 ..ccrccccccccee eee 174 

B-12 Loads Test Data, Test 7, LOC 2 ...ccecvcceeceeeue LIS 


B-13 Loads Test Data, Test 8, LOC 1 ..cesecseveccneeee 176 
B-14 Loads Test Data, Test 8, LOC 2 ...cccccsseveeevee L7I7 
C-1 Loads Test Data, Test 13, LOC 1 ........ ie warviewa 180 


C-2 Loads Test Data, Test 13, LOC 2 ......... sits hades: Lk 


LIST OF FIGURES 
(Continued) 

Figure Title Page 
C-3 Loads Test Data, Test 13, LOC 3 se eeietenme eternal aca Loe 
C-4 Loads Test Data, Test 13, LOC 4 ..c.cccevceeseces. 183 
C-5 Loads Test Data, Test 13, LOC 5 wuccccccceseesees 184 
C-6 Loads Test Data, Test 13, LOC 6 ...ceeuneeceveces 185 
C-7 Loads Test Data, Test 13, LOC 7 ....eeee- eeeee 186 
C-8 Loads Test Data, Test 13, LOC 8 .u.ceecevesacs 187 
C-9 Loads Test Data, Test 13, LOC 9 ...sacees coves 188 

c-10 Loads Test Data, Test 13, LOC 10 ...cecceeres 189 

C-11 Loads Test Data, Test 13, LOC 11 aes seeeonae 190 

C-12 Loads Test Data, Test 13, LOC 12 ..ccescccccevece 191 

c-13 Loads Test Data, Test 914, LOC l ee rr er ee ee bY 

C-14 Loads Test Data, Test 914, LOC 2 ...ccsenccceveee 193 

(C-15 Loads Test Data, Test 914, LOC 3 ...--seeeeeeeeee 196 

C-16 Loads Test Data, Test 914, LOC 4 ...ccccceccceoee 195 

C-17 Loads Test Data, ‘est 014, LOC 5 . bearers 196 

c-18 Loads Test Data, Test 014, LOC 8 ....... oe Cal aes 197 

C-19 Loads Test Data, Test 914, LOC 9 ...ccseseennsens 198 

C-20 Loads Test Data, Test 914, LOC 10 ...ccceeveseseee 199 

C-21 Loads Test Data, Test 914, LOC 11 ...erecaeevee +. 200 

C-22 Loads Test Data, Test 914, LOC 12 : ree 201 


Figure 


C-23 
C=24 
C-25 
C-26 
C-27 
C-28 
c-29 
C-30 
c-31 
C-32 
c-33 
C-34 
C-35 
C-36 
C-37 
C-38 
c-39 
C-40 
C-41 
C-42 


Loads 
Loads 
Loads 
Loads 
Loads 
Loads 
Loads 
Loads 
Loads 
Loads 
Loads 
Loads 
Loads 
Loads 
Loads 
Loads 
Loads 
Loads 
Loads 
Loads 


Test 
Test 
Test 
Test 
Test 
Test 
Test 
Test 
Test 
Test 
Test 
Test 
Test 
Test 
Test 
Test 
Test 
Test 
Test 


Test 


LIST OF FIGURES 
(Continued) 


Title 


Data, Test 15, LOC 


— 


Data, Test 15, LOC 
Data, Test 15, LOC 
Data, Test 15, LOC 
Data, Test 15, LOC 
Data, Test 15, LOC 
Data, Test 15, LOC 
Data, Test 15, LOC 


wow Oo NO WH SF UWL 


Data, Test 15, LOC 
Data, Test 15, LOC 10 
Data, Test 15, LOC ll 
Data, Test 15, LOC 12 
Data, Test 16, LOC l 
Data, Test 16, LOC 2 
Data, Test 16, LOC 3 
Data, Test 16, LOC 4 
Data, Test 16, LOC 5 
Data, Test 16, LOC 6 
Data, Test 16, LOC 


7 
Data, Test 16, LOC 8 


xwxil 


@eesee@eaeoeoee ee 


eeeew ee? aoe ee 


oeeoweoeoee eee 


eeveeee@e eevee 


ese oe 8 


oe tee 


@ateoe 


Figure 

C-43 Loads 
C-44 Loads 
c-45 Loads 
C-46 Loads 
C-47 Loads 
C-48 Loads 
C-49 Loads 
C-50 Loads 
C-51 Loads 
C-52 Loads 
C-53 Loads 
C-54 Loads 
C-55 Loads 
C-56 Loads 
C-57 Loads 
C-58 Loads 
C-59 Loads 
c-60 Loads 
C-61 Loads 
C-62 Loads 


Test 
Test 
Test 
Test 
Test 
Test 
Test 
Test 
Test 
Test 
Test 
Test 
Test 
Test 
Test 
Test 
Test 
Test 
Test 


Test 


LIST OF FIGURES 
(Continued) 


Title Page 


Data, Test 16, LOC 9 ..cccnceceeseceee 222 
Data, Test 16, LOC 10 cccceccceceeces » 223 
Data, Test 16, LOC 11 .cececessesseees 224 
Data, Test 16, LOC 12 ..rccccceseveeeee 229 


Data, Test 19, LOC 1 wececceccevceveees 226 
Data, Test 19, LOC 2 .cusccccecsesvesve 227 
Data, Test 19, LOC 3 wccccsccsecesseee 228 
Data, Test 19, LOC 4 wceccecccsccasces 229 
Data, Test 19, LOC 5 ... seeceeeeees 230 
Data, Test 19, LOC 6 ..ccccesccccceeee 231 
Data, Test 19, LOC 7 ..cuccascccesecce 232 
Data, Test 19, LOC 8 ...cccccccsceeeee 233 
Data, Test 19, LOC 9 7 ee ry re ee er 


Data, Test 19, LOC 10 eeeeaeaeoseeevaeeeeoeee 235 


Data, Test 19, LOC Ll wccececeeceseeee 236 
Data, Test 19, LOC 12 .....seeeeeeeeee 237 | 
Data, Test 20, LOC 3 .wcncsnccnarvecss . 238 
Data, Test 20, LOC 4 ....-.ee0. eee 239 
Data, Test 20, LOC 5 ...... are ie trace 240 
Data, Test 20, LOC 6 ......-.ee sceeees 241 


xxiii 


LIST OF FIGURES 
(Continued) 


Figure Title Page 


C-63 Loads Test Data, Test 20, LOC 7 wcsceeecceseseaee 242 
C-64 Loads Test Data, Test 20, Loc 8 @eexeeneseneeneeeanne 243 
C-65 Loads Test Data, Test 20, LOC 9 exreeevneneseeeteerne 244 


C~66 Loads Test Data, Test 20, LOC 10 ..c.ccccsccesevese 245 
C-67 Loads Test Data, Test 20, LOC 11 .cccccuccneseeee 246 
C-68 Loads Test Data, Test 20, LOC 12 wccceceesvevesse 247 
D-1 Gage Calibration Curve ..wccccsccsccseces newer 252 
D-2 Gage Calibration Curve ..ccsvccescacccccseevevess 293 
D-3 Gage Calibration Curve ..sseeeeseeeceeeeeeeeeees 254 | 
D-4 Gage Calibration Curve ..csccccccccesccvceseesee 299 
D-5 Gage Calibration Curve ..cccccsrsecccecccereeses 2596 
D-6 Gage Calibration Curve ..ccccccscerccseccerccees 297 
D-7 Gage Calibration Curve ..ccccccsecseceersssceses 298 
D-8 Gage Calibration Curve ...ccsccescsccece ee 259 
D-9 Gage Calibration Curve ..ccscccsecrcccecsceccese 260 
D-10 Gage Calibration Curve ...cececscee ceeees these. 26d 
D-11 Gage Calibration Curve ..ceccccrscscceceveserece 262 
D-12 Gage Calibration Curve ..ccccrerecceccercceveees 263 
D-13 Gage Calibration Curve wucccrsscccccccsscreccecs 264 
D-14 Gage Calibration Curve ...ceccccscscrcccereeeees 269 


xxiv 


Figure 


D-15 
D-16 
D-17 


LIST OF FIGURES 
(Continued) 


Title Page 


Gage Calibrat ion Curve eeseseet@wsaeoeeeeoveevueeet@ease eos 2 6 6 
Gage Calibrat ion Curve @e@etovoeaseesescevnaeevnee Gee etanne 2 6 7 
Composite Calibration Curve .wiscccccerveeseceres 268 


Fragment Data from the 2.7 lb. Cased Charge 


Test eeceeeeeeseeroveseaseeeteeeeneeeeeeseeoeveetensenn 270 
Moment -Curvature of Beam A-l eeoeoeceeseeneevevesensern 318 
Load Deflection for Beam A-] ..cccccccccsccreecees 319 


Air Blast of AFESC Case A-1, Forcing Function, 
Time e#eeeepeeseeessvpesveeteevoeaeecevaeneepeeeeevenvs ease eoe ese ees eaeue wee 320 


Air Blast of AFESC Case A-l, Forcing Function, 
Displacement COC Coc Oceano raneneeserereseeteosoese 321 


Air Blast of AFESC Case A-1, Impulse, Time ...... 322 


Air Blast of AFESC Case A-1, Acceleration, 
Time eeseeee@ oes eveveseeseoeveeeevueseeeeeveeeeeeaeeesvueeathesntees 323 


Air Blast of AFESC Case A-1, Velocity, Time ..... 324 


Air Blast of AFESC Case A-1, Displacement, 
Time @eeoeseeoeaoeoeaeoeeseee eevee esesoe ese esveseseseeaeeaeee eee eeee 325 


Air Blast of AFESC Case A-1, Plastic 
Displacement, Timea wscccscccccscccccesveccesessee 320 


Air Blast of AFESC Case A-1l, Resistance, 
Time @#eseeoeeeeoeeneosdvpeepseeeoeeveeeaeeaesesa es oeeseeeeve*eseeeeoees ese oe 327 


Air Blast of AFESC Case A-1, Resistance, 
Displacement @eeeseeoeeespeetsteoeeeweeseetseeaeeweseeesweoesseeewesees 328 


XXV 


LIST OF FIGURES 
(Continued) 


Figure Title Page 


H-12 Air Blast of AFESC Case A-l, Frequency, 
Time @eesveaesseaeeeeeeseeeeaeseeeeeeeene eevee esceeee eaves 329 


H-13 Air Blast of AFESC Case A-1l, Shear Displacement, 
Time @enoeooeoa evpeoeeseevpeensevnavevpeeeeoeoeeweoeevseusvreeeveeeeeveee 331 


H-14 Air Blast of AFESC Case A-1l, Shear Force, 
Time eeeseeotoeeeeseevoae epee eevee eesvse ees eoeseeveeveeveeeeeeanse 332 


H-15 Air Blast of AFESC Case A-l, Shear Force, 
Shear Displacement @eeeeevouaueeesaenevesveeeoeveeeneeeeeeene ve 333 


H-16 Air Blast of AFESC Case A-1, Shear Acceleration, 
Time este eo Gazea@sescpecesceevpseeoee scevseesesseeoeeveeeoeeeeaeseeeeene 334 


H-17 Air Blast of AFESC Case A-1, Shear Velocity, 
Time @eeovosen me ees eseceeveeeoeeeveteaenvnveveeeseteoeseeeeveeee ees eee 335 


H-18 Air Blast of AFESC Case A-1l, Shear Resistance, 
Time oie Gi Oak awe a biel? wie L650 aie: Crain te ww &.Owha waa ojala elave Wievece 336 


H-19 Air Blast of AFESC Case A-1, Shear Resistance, 
Shear Displacement ......cccccccssccrcnsscccesees Jad 


xxvi 


Table 


nH Ww FEF WwW 


LIST OF TABLES 


Title 


TEST MATRIX FOR PHASE I TESTS *#eeeeveeupeee ee tan evpaone 


PHYSICAL CHARACTERISTICS OF FULL-SCALE AND MODEL 
BOMBS *ee¢eeeooecvuecseeseeeeeeoeseaeevweeseseeeevpeeseaseeeeetanvneene 


CONCRETE AND SLURRY STRENGTH DATA ....eeseeeceess 
COMPARISON OF PRESSURES FOR BARE CHARGE TESTS 
COMPARISON OF IMPULSES FOR BARE CHARGE TESTS .... 


COMPARISON OF IMPULSE PLUG VELOCITIES FOR BARE 
CHARGE TESTS eeseevoovee ee ewes eeeeeevaenseevenmnes ee eeoeaeeon 


COMPARISON OF CALCULATED PLUG IMPULSES FOR BARE 


CHARGE TESTS eeseeae @eeeneeaeveeeweneneeeeseevees ee eves eaees x 


DATA SUMMARY FOR CASED CHARGE TEST 6 ....ceseeees 
COMPARISON OF BREAK SCREEN VELOCITIES .......00. 
DATA SUMMARY FOR CASED CHARGE TESTS 7 AND 8 ..... 


2.7- AND 2.4-POUND CASED CHARGE MEASURED AIRBLAST 
IMPULSE AND CORRESPONDING BARE CHARGES .......... 


COMPARISON OF CALCULATED AND BREAK SCREEN 
VELOCITIES @eeevoeeueeceeoseepeanasaseeeeveeeeevneeee oe ees eoeaee 


CALCULATED IMPULSES FOR THE CASED CHARGES AT 6 
INCH, 12 INCH AND 18 INCH STANDOFFS ....... e000, 


PANEL DEBRIS VELOCITY @eeseosveeeveceeve@espeeeee es eo @ eeeoeveeee 
PANEL DAMAGE @e@eeeoeaese et eoeevoeeeeeavneeeeveeseoeoeeseee oes @ 


PIEZORESISTIVE SHOCK PRESSURE CARBON GAGE (CG) 
DATA @eseeveoeveseen@# @eeovoe eee eevee eeeeeoe eee ee oeeeevoe# ees 


PIEZOCRYSTAL SHOCK WAVE ARRIVAL TIMES .........+. 


xxvii 


74 
74 


LIST OF TABLES 


(Continued) 

Table Title Page 
18 SCALED SPALL DIAMETER, BREACH DIAMETER, AND LOAD 

RATE VERSUS SCALED RANGE e®seeeteeoasepvpeeeoeeeeveeme ee see eans 103 
19 COMPARISONS BETWEEN REICON CODE PREDICTIONS AND 

TEST MEASUREMENTS FOR PANEL TESTS 9 - 20 ........ 105 
20 PIEZORESISTIVE SHOCK PRESSURE CARBON, GAGE ae 

DATA @eeeaueeueeeve@sv ee evaeseeseesee eevee eseoseneenu even e@ e@eeneeens 109 
D-1 CARBGN GAGE CALIBRATION DATA ...cccccceveccsescsese 250 
E-1 FRAGMENT DATA FROM THE 2.7 POUND CASED CHARGE 


TEST eowmeeneeoeoen ene ewreeeeeeeeoeeeeeovntvnseeevres se eeerazev ene 270 


F-1 FRAGMENT DATA FROM THE 2.4 POUND CASED CNARGE - : 
TEST Ce eee cece een ema e renee ere te eee esate eneees 288 ; 


G-1 CALCULATIONS OF HORIZONTAL BLAST iMPULSE 
DISTRIBUTIONS AND BLAST AND FRAGMENT IMPULSE 
DISTRIBUTIONS @eeeeoe se eoeeeveseeeseoeeenseeveaeev eee eeeaneene 314 


I-1 CALCULATIONS ON A CONCRETE BEAM, AFESC CASEA1-2.4 
POUND AT 6 INCHES eeu tvpeaoevseaeeveeea ee eveervrewmaeeeee eo ¢ eesoeece 340 


G I-2 CALCULATIONS ON A CONCRETE BEAM, AFESC CASEA2-2.4 
POUND AT 12 INCHES @eeetenswoevesvs eee eee oe eecupreaeweev ees ° ° 343 
I-3 CALCULATIONS ON A CONCRETE BEAM, AFESC CASEA3-2.4. 
POUND AT 18 INCHES @eseeaoeveaeeescpeeoeeeeseeereeeeeaev ees eve 346 
1-4 CALCULATIONS ON A CONCRETE BEAM, AFESC CASEA4-2.8 
POUND AT 7 INCHES @eeotoeoeeveseeveneoesvseeeeeces e@eeersee ee 349 
T-5 CALCULATIONS ON A CONCRETE BEAM, AFESC CASEA5-2.8 
POUND AT 16 INCHES @eeteeoeoeeeseoaeeeerseeoteteeve ee ee @ ° 352 
1-6 CALCULATIONS ON A CONCRETE BEAM, AFESC CASEA6-2.8 
POUND AT 23 INCHES ...cccccccsccccccsrecccccevess 355 


xxviil 


Table 


LIST OF TABLES 
(Continued) 


Title 


CALCULATIONS ON A CONCRETE BEAM, AFESC CASEB1-2.4 
POUND AT 6 INCHES eeetteoeosev eee seeeev eevee ee ee eeene ° 


CALCULATIONS ON A CONCRETE BEAM, AFESC CASEB2-2.4 
POUND AT 12 INCHES @eecoot@eoeeeaetseseeaoeveevovovoee eee eee eee aene 


CALCULATIONS ON A CONCRETE dps AFESC CASEB3-2.4 
POUND AT 18 INCHES ........... ce ecccene se ceeceeee 


CALCULATIONS ON A CONCRETE BEAM, AFESC CASEB4-2.3 
POUND AT 7 INCHES ee@eeesoesoeoeeeveeee @eeeoeoeeenmeaeseeeee 


CALCULATIONS ON A CONCRETE BEAM, AFESC CASEB4-2.8 
POUND AT 7 INCHES @eseoeeteetoaeeesveevoeeseeeueeevewveeeaea ea eee 


CALCULATIONS ON A CONCRETE BEAM, AFESC CASEB5-2.8 > 


POUND AT 16 INCHES @eeoeceewveeweeevece eeeeoevoeeceeetene 


CALCULATIONS ON A CONCRETE BEAM, ArESC CASEB6-2.8 
POUND AT 23 INCHES eoee#eoeeeeve toe eeeeveeeaeee eevee aene 


CALCULATIONS ON A CONCRETE BEAM, AFESC CASEC1-2.4 
POUND AT 6 INCHES eeoesevveeevvneeev oer seve er eee eeoeveeeeee 


CALCULATIONS ON A CONCRETE BEAM, AFESC CASEC2-2.4 
POUND AT 12 INCHES @eeteoevoeeneeeeoeeepeeoeeveevnetovee eve 


CALCULATIONS ON A CONCRETE BEAM, AFESC CASEC3-2.4 
POUND AT 18 INCHES @eeconv ocx eneese eerevotsevaveeseeeeoeene 


CALCULATIONS ON A CONCRETE BEAM, AFESC CASEC4-2.8 
POUND AT 7 INCHES e#eeeeeoeseseeeeeeevoeve eee eeeeseesve8? eee 


CALCULATIONS ON A CONCRETE BEAM, AFESC CASEC5S-2.8 
POUND AT 16 INCHES @eeeeoeeed9e# @eeseeoaneeoane eeeeseeeeaeeee 


CALCULATIONS ON A CONCRETE eee: AFESC CASEC6-2.8 
POUND AT 23 INCHES ..... Cee rccecreraee cece escceces 


xxix 
(The reverse of this page is blank.) 


Page 


SECTION I 
INTRODUCTION 
A. OBJECTIVE 


The objective of this program was to determine the synergistic 
effects of blast and fragments on construction materials. This 
required the conduct of a test series to determine the structural 
loads and the actual failure mechanisms induced by blast loads, 
fragment loads and the comoinations of both. The first series of 
tests was conducted to quantify the loads generated by the cased 
weapon and to establish an equivalent bare explosive charge with 
the same impulse distribution as the cased weapon. The second 
series of tests was performed in conjunction with analyses efforts 
to determine and compare the response modes of structural components 
loaded with both cased and uncased scale model weapons and to 
rhea Petes future analytical developments. These tests involved 
scale model panels. Finally, the data were evaluated and the 
observed synergism was quantified. 


B. BACKGROUND - 


In the design and analysis of protective structures designed 
to resist the attack of modern conventional weaponry, many methods 
are available for the prediction of dynamic response of the structure 
of concern (References 1-4). Additionally, several methods for 
the prediction of projectile and fragment penetration are available 
for these same structural varieties. What is missing, and is 
typically not addressed in a design or simplified analysis reference, 
is the effect of combined load types such as simultaneously applied 
impact and non-impact, yet impulsive, loadings. 


The effect of simultaneous loadings has been observed, however, 
and the differences in structure responses as compared to separately 
applied loads of the same type are severe. In some early Waterways 
Experiment Station work (Reference 5) concerning the testing of 
field fortifications used in the Vietnam War years, it was noted 
that the integrity of reinforced concrete walls loaded with artillery 
shells detonated in close proximity to the fortifications (5-15 
feet) was dependent on the use of sandbags placed in front of the 
walls. The sandbags in these tests provided a measure of protection 
from the impact loading generated by the fragments. Recent work 
at Southwest Research Institute (SwRI) (Reference 6) has shown that 
the damage caused by the combined impact and blast loading of a 
steel flyer plate is significantly more damaging to concrete barrier 
panels than the loading generated by approximately three times the 
weight of uncased explosive. Other work reported by Coltharp, et 
al. (Reference 7) has provided additional information concerning 
the necessity of fragment protection. 


It can be shown, then, that simultaneous impact and blast loads 
applied to a structure can cause responses that in some cases are 
more severe than the sum of the damage generated in the structure 
through the independent application of the loads. Hence, this 
simultaneous loading is considered to be synergistic in the sense 
that the simultaneous damage is greater than the sum of the impact 
and non-impact loadings. 


A rationale, both analytically and empirically supported, is 
needed by the hardened structure designer and vulnerability analyst 
to define the response modes and degree of response expected from 
synergistic blast and fragment loadings. Significant test data 
and applicable analytic tools are available which could allow design 
or analysis information to be generated which wouid adequately 
predict and account for these kinds of structural responses. 


Southwest Research Institute (SwRI) is currently conducting a 
study to consider and define the synergism of blast and fragment 
impact on structures, and the resulting structural damage modes 
and response. This work is peine performed in the form of a combined 
structural test series and analysis program. 


C. PURPOSE AND SCOPE 


The effort described above is being pet ccrnee in three phases. 
This interim technical report documents Phase I testing and existing 
analytic model evaluation. This Phase I Literature Search is 
complete and has been peovtcee under separate cover (Reference 8). 
Phases II and III are discussed in limited detail below. The three 
Phases will include the following activities as a minimum: 


PHASE I: 

(1) Comprehensive literature search 

(2) Testing of threats and materials to quantify the 
synergistic effects as they vary with material type, 
threat type, and munition proximity 


(3) Evaluation of available response models concurrent with 
testing 


PHASE ITI: 


(1) Laboratory tests and numerical analysis to define 
fragment and blast shock front interaction and material 
failure in a loaded specimen 


(2) Characterization of response mode change with respect 
to standoff based on fragment density and shock 
intensity calculations 


PHASE III: 


(1) Analytic model development/refinement to allow the 
prediction and definition of synergistic effects, 
response modes, and response magnitude 


(2) Selection of optimum materials and_= structural 
configurations for combined blast and fragment loading 
scenarios 


This interim report describes work partially satisfying the 
requirements of Phase I. A detailed final report will subsequently 
be prepared which will include completed data reduction and detailed 
data analysis. 


SECTION II 
TEST PLAN, SETUP AND INSTRUMENTATION 


The objective of the program was to determine the synergistic 
effects of blast and fragments on construction materials. This 
required the conduct of a test series to determine che structural 
loads and the actual failure mechanisms induced by blast loads, 
fragment loads and the combinations of both. The first series of 
tests was conducted to quantify the loads generated by the cased 
weapon and to establish an equivalent bare explosive charge with 
the same impulse distribution as the cased weapon. The second 
series of tests was performed in conjunction with analyses efforts 
to determine and compare the response modes of structural components 
loaded with both cased and uncased scale model weapons and to 
euryeceene future analytical developments. These tests involved 
scale model panels. 


All tests described in the following paragraphs were conducted 
at the SwRI ballistics range on the SwRI campus. The complete test 
matrix is shown in TABLE 1. ‘ : 


A. DESIGN OF SCALED BARE AND CASED EXPLOSIVE CHARGES 


The bare and cased charge tests were conducted using two types 
of simulated bombs, the U.S. Mk 82, GP 500 bomb which is a lightly 
cased bomb; and the U.S. AN-Mk 1, AP 1600 bomb which is a heavil 
cased bomb. Physical characteristics and other details on bot 
the Mk 82 and the AN-Mk 1 are provided in TABLE 2 and in Figure l 
of this report. Since SwRI’s on-site test facility has a 3-pound 
aboveground TNT explosive limit, the scale model size selected for 
these tests was a 1:4.3 scale which allowed for the conduct of the 
tests on-site. Physical dimensions for the scaled munitions are 
also included in TABLE 2. Fabrisation details for each simulated 
bomb are provided in the following paragrzphs: 


Mk 82 GP 500 Bomb - The scaled model Mk 82 wis fabricated 
using commercially available 2.5 inch 0O.D. round carbon steel tubing. 
The scaled wall thickness used was 0.065 inch which scales within 
6 percent of the full scale bomb casing thickness which is 0.3 
inches (Reference 1). As shown in TABLE 2, the Mk 82 contains 192 
pounds of H-6 explosive (Reference 1) which converts to an equivalent 
weight of TNT of 243 pounds. Using a 1:4.3 scale, the charge weight 
scales down to 3 pounds of TNT (charge weight scales down by the 
scale factor cubed). SwRI used composition C4 explosive to simulate 
the TNT. Since C4 has a TNT equivalency of 1.129, the simulated 
cased charge explosive weight was 2.707 pounds of C4. The scaled 
bomb length was sized to be the exact length of a cylinder of C4 
explosive having a diameter of 2.372 inches and weighing 2.707 


pounds. This explosive cylinder length was calculated to be 10.7 
inches using a density of C4 of .0574 pounds/cubic inch. Figure 
1 shows the modeled Mk 82 bomb. 


AN-Mk 1 AP 1600 Bomb - The scaled model AN-Mk 1 was also 
fabricated using commercially available carbon steel round tubing. 
The tubing selected had a 3.25-inch 0.D. with a wall thickness of 
0.375. The desired scaled wall thickness as shown in TABLE 2 is 
0.302 inches and the tubing wall was machined down to the correct 
thickness from the inside of the tube thereby increasing the inner 
diameter. The full-scale bomb case thickness given in Reference 
12 is 1.3 inches. The AN-Mk 1 bomb has 215 pounds of TNT (Reference 
12) which scales down to 2.7 pounds of TNT for the scaled bomb. 
SwRI used C4 on these tests. The comparable C4 explosive charge 
was 2.39 pounds. The scaled bomb length for this bomb was also 
calculated by determining the corresponding length of a C4 explosive 
> ea ata with a diameter of 2.65 inches and weighing 2.39 pounds, 
: e Feneeh was 7.54 inches. Figure 1 shows the modeled AN-Mk 1 

om e 


B. TASK 1 - LOADS TESTS 
l. Task 1A - Bare Charge Tests 


Bare explosive charge tests were conducted first to validate 
an instrumentation and reaction structure designed for close-in, 
nonuniform (nonspherical) explosive charge loads determination. 
Five of these tests were conducted. Although the fixture was 
somewhat damaged in later cased charge tests, and was not used 
further in the program, it proved to be effective in loads 
determination for bare explosive charges. 


a. Test Description 


The scaled bare charge tests were conducted in a reaction 
structure consisting of a 6 foot x 8 foot x 8 foot reinforced 
concrete culvert. The concrete culvert was reinforced using 0.5-inch 
steel plates which were attached to the sides and floor of the 
culvert as shown in Figure 2. An impulse plug fixture used to 
measure the specific impulse at various radii from the center point 
of the charge was located at the east end of the concrete culvert 
as shown in Figure 3. The bare C4 charge was centered vertically 
in the reaction structure and was initiated remotely using an RP-83 
detonator. The pulse to initiate the detonator originated from 
the high-speed camera used to document the test. 


The impulse plug fixture was fabricated out of 6-inch 
thick steel plate. A number of holes were drilled into the plate 
for positioning the impulse plugs (11-18) and for positioning the 
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reflected pressure gages (P5-P12). A schematic of the impulse plug 
fixture is provided here as Figure 4. The impulse plugs used in 
the test fixture are shown in Figure 5; 2-inch diameter plugs were 
used and consisted of a thin steel tube 6 inches long with either 
a 0.188-inch thick steel cap or with a 0.188-inch thick aluminum 
cap. The heavier steel cap was selected for use in those tests 
where the expected impulse would be large, resulting in a relatively 
high plug velocity. The heavier cap would slow the plug to allow 
for accurate recording with the high-speed cameras. The aluminum 
cap was selected for those tests where the expected impulse would 
be low, resulting in a low plug velocity where the lighter cap 
would enable the plug to exit at a high enough velocity where it 
could be captured on high-speed film. The actual velocities of 
the plugs were initially measured using fiber-optic break cables 
and switching circuitry located on the back of the impulse plug 
fixture which would emit an electrical signal when broken. This 
approach performed very well; however, the higher cost of the 
fiber-optic cable made it desirable to replace the cables with 
Dynasen position transducers or shorting pins (Reference 9). These 
position transducers produce an electrical signal when the tip of 
the transducer is impacted by a rapidly moving object, such as a 
shock front or an ionization front. Each set of shorting pins 
consisted of a 7-inch pin and a l-inch pin and both were mounted 
on an assembly which was positioned on the back of the impulse plug 
fixture (Figure 6). This configuration enabled each set of pins 
to be located inside of each of the impulse plug tubes such that 
the longer pin was 0.5 inches from the back of the plug cap. Once 
the explosive charge was detonated, the plugs were driven out of 
the plate, and the base of the cap impacted the pins which in turn 
gave an output which was recorded on magnetic tape. The time that 
each pin shorted and the distance between pins was used to calculate 
the individual plug velocities. The velocity and plug mass and 
area were then used to determine the momentum and specific impulse 
imparted to the plugs. 


Both side-on and reflected pressure gages were used in 
the bare charge tests. The side-on pressures were measured at two 
different standoffs using two gages at each standoff. The two 
gages were located six inches apart as shown in Figure 7. Six 
reflected pressure measurements were made using gages mounted in 
the impulse plug fixture. Measurements of the impulse distribution 
for the bare charge tests were made at various radii from the center 
point adjacent to the charge using the impulse plug test fixture. 
Figure 4 shows the gage layout and numbering scheme. 


A total of five bare charge tests were conducted. Three 
tests were conducted using the 2.4-pound bare charge and two tests 
were conducted using the 2.7-pound bare charge. For each of the 
tests, the center of the charge was positioned 36 inches above the 
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floor and at a standoff of 18 inches from the impulse plug fixture. 
Detailed descriptions of the results of each of the tests are 
provided in Section III of this report. 


b. Instrumentation 


The bare charge tests were performed, using a full 
complement of instrumentation, including Dynasen position 
transducers for measuring the impulse plug velocities (eight sets 
of two position transducers), PCB 137A side-on pressure gages 
(Reference 10) (two each at two standoffs), PCB 109A and Kulite . 
HKS-375 reflected pressure gages (Reference 11) (six gages mounted 
on the impulse plug fixture adjacent to the piugs), and high-speed 
camera coverage. A Honeywell 24-channel analog tape recorder was 
used to record the data which were then digitized and processed 
using the computer resident at the range. Pressure-time histories 
were generated for each of the pressure transducers. Figure 8 
shows a sample pressure-time history. Pressure-time histories and 
impulse plug velocities for each of the tests are included in 
Appendix A. 


2. Task 1B - Tests To Establish Impulse and Peak Pressure 
Distributions for a Simulated Cased Charge 


Loads tests with simulated cased charges were conducted 
foc two reasons. First, it was necessary to determine the casing 
effect on the airblast produced by each charge, that is, the airblast 
reduction from energy loss in case fracture and launch. Second, 
that the casing fragments had to be quantified in terms of geometry, 
weight and velocity such that a determination of fragment impulse 
and impulse distribution could be made. These tests were conducted 
using charges simulating a heavily cased weapon and a lightly cased 
weapon as described in TABLE 2. 


TAELE 2. PHYSICAL CHARACTERISTICS OF FULL-SCALE AND MODEL 
BOMBS. 


Mk 82 (Reference 1) a AN-Mk 1 

GP 500 pound Bomb AP 1600 pound 
Scale re 
Explosive Type | 6 TT 


Explosive Wt. 192.0 2.707 215.0 2.395 
(pounds) 


Equivalent Wt. TNT 243.0 215.0 2d 


Case Diameter 10.8 2-51 14,0 3.256 
(inches) 


Case Thickness 0.3 0.0697 [4 0.302 
(inches) | | 
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Figure 8. 
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a. Test Description 


The scaled cased charge tests were also conducted in 
the reinforced concrete culvert. A total of three tests were 
conducted. Two tests were conducted using the 2.4-pound cased 
charge and one test used the 2.7-pound cased charge. All three 
tests were conducted with the center of the cased charge positioned 
36 inches above the floor and at a standoff of 18 inches from the 
impulse plug fixture. Detailed descriptions of each test are 
provided in Section III of this report. 


A network of velocity break screens was located outside 
of the west end of the culvert (Figure 9) to measure maximum casing 
fragment velocities. Fiberboard bundles were placed behind the 
velocity screens to capture the actual fragments thereby providing 
data on fragment size and depth of penetration. The velocity data 
and the measured fragment mass data were used to determine impact 
energy. 


Pressure measurements were recorded for each of the 
cased tests. Side-on pressure measurements were made at two 
standoffs from the charge with two gages located at each standoff, 
The first cased tests were conducted with the side-on pressure 
gages located at 24 inches and 36 inches. The gages were severely 
damaged by the fragments in this test. It was then decided to move 
them further back for the remaining tests. As previously mentioned, 
six reflected pressure gages were located on the impulse plug 
fixture and measurements were made at each of these locations. 


b. Instrumentation 


The cased charge tests were conducted using a 
considerable amount of instrumentation including Dynasen position 
transducers for measuring the impulse plug velocities (eight sets 
of two position transducers), fragment break screens (eight sets 
of two screens), side-on pressure gages (two each at two standoffs), 
PCB and Kulite reflected pressure gages (six gages mounted adjacent 
to the impulse plugs), and high-speed camera coverage. SwRI utilized 
a 24-channel Honeywell analog tape recorder to record the impulse 
plug velocity data and the pressure data. The fragment break screen 
data were recorded using eight sets of counters. The analog data 
were digitized and processed and pressure-time histories were 
generated for each pressure transducer. Pressure-time histories 
as well as individual impulse plug velocities are provided for each 
test in Appendix B. 


C. TASK 2 - TESTS FOR PANEL RESPONSE MODE INITIATION STANDOFF - 
CASED AND BARE CHARGE TESTS 


Tests of the three types of walls were conducted to evaluate 
the effectiveness of the lightly cased, heavily cased and 
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corresponding equivalent bare explosive charges. The tests were 

designed to produce breach or near breach responses in each of the 

panels. The result of these tests allowed comparisons with existing 

predictive models to be made. Additionally, the results provide 

Pee rae aay of the synergism or nonimpulse-related local material 
ailure effects for cased charges. 


A unique aspect of these tests was the use of the Dynasen carbon 
stress gages to measure internal stresses in each of the panel 
types subjected to all three charge types (lightly cased, heavily 
cased and bare equivalent). Use of the gages proved successful. 


1. Panel Fabrication 


Three types of panels were tested using the cased and the 
equivalent bare charges. Equivalent bare charges were developed 
based on the analysis of data generated from the tests described 
in the previous section. Description of that analysis is provided 
in Section III. Two of the panel types were reinforced concrete 
panels and the third panel was a Slurry Infiltrated Fiber CONcrete 
panel (SIFCON) with a centerline steel reinforcement mat. Standard 
concrete batch designs were used in the R/C panel fabrication with 
the maximum size aggregate used being 1/4 inch. Compressive cylinder 
or cube tests were performed on all cement materials. TABLE 3 
presents slurry strength data (SIFCON panels), mortar cube strength 
data (mortar used in carbon gage placement), and cylinder strength 
data. The steel selected for use in all three panel designs had 
a yield strength of 65 KSI, an ultimate strength of 95 KSI and was 
supplied in the form of mats welded at each intersection. Four 
panels were fabricated for each panel type and all fabrication was 
done at SwRI. The following paragraphs describe the fabrication 
procedures for the three wall types. 


The first type of panel, Type A (Figure 10), was a standard 
reinforced concrete panel 50 inches high by 68 inches wide by 4 
inches thick. The reinforcement used consisted of two 8 gage steel 
mats having a 3-inch by 3-inch spacing resulting in a reinforcement 
ratio of 0.20 percent. The steel mats were spaced 3 inches apart 
using 17-gage wire stirrups as shown in Figure ll, allowing for a 
0.5-inch cover on both faces. Twelve mounting holes (six per side) 
were provided for attaching the wall to the test structure. A 
schematic identifying the pertinent construction details is provided 
here as Figure ll. 


The second type of panel, Type B, was also a standard 
reinforced concrete panel 50 inches high by 68 inches wide by 4 
inches. This design, however, had a percentage of steel of 0.91 
percent steel each face each way. The type B wall used two three 
gage mats having a 1.5-inch by 1.5-inch spacing. The mats were 
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also spaced 3 inches apart, using the 17-gage stirrups as shown in 
Figure 12, giving the wall a 0.5-inch cover on each face. 
Construction details for this wall type are given in Figure 13, 


The third type of panel, Type C, was a reinforced SIFCON 
panel. This design was also 50 inches high and 68 inches wide and 
4 inches thick. The type C wall consisted of a slurry mix with 
Dramix 30/.050 fibers at a volume percentage of 10 percent with a 
single 13 gage mat with 3 inch by 3 inch spacing centered in the 
middle of the wall (0.1 percent reinforcement ratio) as shown in 
Figure 14. The fabrication of the SIFCON panels required that the 
fibers be freely dispersed into the form to prevent balling, thereby 
allowing a maximum percentage of fibers to be added to the form. 
From past experience, it was found that any attempt to increase 
the percentage of fibers by vibrating the fibers or by trying to 
pack the fibers down resulted in some of the fibers being oriented 
in a vertical position creating small pockets of fibers. These 
pockets occupied a much larger volume of the form and resulted in 
an actual reduction in the percentage of fibers that could be cast 
into the panel. Once the fibers and reinforcement were in place, 
the slurry was slowly poured into the form and lightly tamped to 
insure a uniform fill. This is shown in Figure 16. Details of 
Ls pana tag C are shown in Figure 15. Slurry placement is shown in 

igure . 


2. Test Description 


The panel-response mode tests were performed inside of the 
reinforced concrete containment structure. Two steel angles having 
the same hole pattern as the test panels were welded to the 
containment structure walls. Two channel sections also having the 
same hole pattern were used to clamp the wall panels to the 
containment structure as shown in Figure 17. The cased and the 
equivalent bare charges were centered vertically in front of the 
test wall at a height of 25 inches from the floor of the containment 
structure and at a specified standoff. The cased charge tests and 
the 2.4-pound equivalent charge tests were conducted at a standoff 
of 6 inches from the ee eae The 2.8-pound equivalent tests 
were conducted at a standoff of 7 inches from the test panels. All 
of the cased charge tests utilized casings fabricated identical to 
the casings tested in Task 1B. 


3. Instrumentation 


All four of the Type B panels and two of the Type C panels 
were instrumented with Dynasen piezoresistive shock pressure carbon 
gages (References 9, 13, 14) and with piezocrystals for measuring 
the time-of-arrival of the shock wave as it moved through the wall 
panel. Four of the carbon shock pressure gages were installed in 
each of the test walls at two different depths, 0.5 inches and 3.5 
iuches from the surface of the panel exposed to the charge. The 
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TABLE 3. CONCRETE AND SLURRY STRENGTH DATA. 
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Figure 9. Velocity Screen and Fiberboard Bundle Setup for 
Cased Charge Tests. 
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Figure 10. Panel-Type A Layout. 
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Figure 15. Panel-Type C Details. 
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Figure 17. Panel Support. 
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piezocrystals were installed in the test panels in two arrays of 
four crystals per array. The crystals in each array were 0.5 inches 
apart with thi crystal being located 0.5 inches below the 
surface of th ete closest to the charge. The exact locations 
of the gages u. .nown in Figure 18 for the Type B panels and in 
Figure 19 for the Type C panels. Details of the gage placement 
are shown in Figure 20. The outputs of the carbon shock pressure 
gages and of the crystals were recorded on magnetic tape ard were 
subsequently analyzed. Computer-generated plots of these outputs 
were made and are included in Appendix C of this report. 


Calibration of the Dynasen carbon pressure gage was accomp lished 
through a simulation of the behavior of the gage under pressure. 
Since the percentage change in resistance of the carbon element 
under pressure is known, we can simply insert that calculated 
resistance can be used to obtain the voltage output for that pressure. 


The Dynasen pulse power supply provides a relatively 
short-duration excitation voltage to the gage and the associated 
bridge arrangement. The voltage can be adjusted from 30-300 VDC 
and the duration can be adjusted from 5 microseconds to hundreds 
of microseconds. It was determined that a duration of about 500 
microseconds was needed to allow ample time for data recording. 
The power supply schematic is shown in Figure 21. 


fo select a suitable excitation voltage, an actual carbon 
gage with its connecting cable was connected to the power supply 
after the pulse duration was set to 500 microseconds. Beginning 
at. $0 volts, the gage was pulsed and the output monitored to check 
for both gage heating and for an appropriate output level to allow 
recording throughout the 2 - 7-kilobar region. Voltage levels 
above 50 volts caused gage heating due to the relatively long pulse 
time (500 microseconds), thus a 50-volt level was selected. 


Next, a standardized bridge output attenuation setting was 
needed in order to ensure that the calibrations remained accurate 
when gages were replaced between tests and different pressure levels 
were expected. By simulating both extremes of pressure, a 0 
attenuation was found to be both suitable and convenient because 
the potentiometer is simpiy turned against its stop and the bridge 
output would not be high enough to saturate the buffer/follower 
output stage. 


To perform the actual calibration, the gage resistance was 
added to the cable resistance and the negative chauge in gage 
resistance correspor.ding to the pressure level (AR/R) was calculated 
ang subtracted from the total. The AR/R as provided by Dynasen is 
shown in Figure 22. A decade resistor with .01 ohm resolution was 
used to provide this calculated resistance. The power supply was 
then pulsed and a Nicolet digital oscilloscope was used to measure 
the voltage output over the 500 microsecond pulse. Sixteen pressure 
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Figure 18. Panel-Type B Carbon Gage and Piezocrystal Locations. 
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points from 0 ~ 7.5-kilobars were then read in the same manner. 
A typical calibration curve is shown in Figure 23. All calibrations 
are included in Appendix D. 


Since the carbon gages provided by Dynasen ranged in 
resistance from 48-55 ohms, calibrations were performed in four 
resistance ranges; 48, 50, 52, and 54 ohms. Also, all four gage 
resistance range calibrations were performed on each of the four 
channels of pulse power supplies used so that any gage could be 
connected to any power supply and an accurate calibration would 
exist. 


High-speed cameras were also used to document the tests. 
One camera was positioned so that it viewed the back side of the 
panel to observe the wall failure mechanism. The back sides of 
the walls were painted to aid in viewing the failure mechanisn. 
A second high-speed camera was positioned perpendicular to the side 
of the reaction structure, that is, perpendicular to the trajectory 
of the resultant wall back face fragments. A grid background was 
positioned next to the far side of the reaction structure as shown 
in Figure 24 and was used to determine the velocity of the fragments. 


33 


GAGE J, 50 OHMS, CHAN 3 


OUTPUT IN MV 


0 20000 40000 60000 80000 100000 120000 


PRESSURE (PS) 


Figure 23. A Typical Carbon Gage Calibration Curve. 


Figure 24. High-speed Camera Grid. 
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SECTION III. TEST RESULTS 
A. LOADS TESTS 
1. Bare Charge Tests 


The bare charge tests were conducted inside of the reinforced 
concrete structure as previously described. A total of 5 tests 
were conducted using the bare charges, three tests with the 2.4-pound 
charge and 2 tests with the 2.7-pound charge. The 2.4-pounc charges 
were cylindrical in shape having a diameter of 2.65 inches and a 
length of 7.54 inches e 2.7-pound charges were also cylindrical 
having a diameter of 2.372 inches and a length of 10.7 inches In 
all of the bare charge tests, the center of the charge was located 
at a height of 36 inches from the bottom of the floor and at a 
standoff of 18 inches from the impulse plug plate. The following 
paragraphs describe the tests. 


a. Test l 


The first test conducted involved a bare C4 charge 
weighing 2.4-pounds. This test was instrumented with five reflected 
pressure gages mounted at positions P6-P10 and four side-on pressure 
gages, Pl-P4. The side-on gages were located at 24 inches and 36 
inches as shown in Figure 25. Eight impulse plugs with aluminum 
caps were used in this test with eight sets BF fiber-optic break 
wires to measure the plug velocities. Two fiber-optic cables spaced 
6 inches apart were placed on the back face of the impulse plug 
fixture directly behind each of the impulse plugs. As the impulse 
plugs were loaded by the blast and were driven out of the fixture, 
the plug severed each of the two cables. A time pulse was provided 
by each cable when the impulse plug broke the cable. The break 
times and the distances between cables were used to calculate the 
plug velocity. Six of the eight impulse plugs were completely 
driven out of the fixture. Plug 7 did not exit the fixture at a 
high enough velocity to break the second fiber-optics cable and a 
velocity was not obtained for this particular plug. A velocity 
was also not obtained for Plug 8 due to instrumentation problems. 
Pressures were measured by each of the four side-on gages and by 
four of the five reflected pressure gages. The computer generated 
pressure-time history for Gage P6 showed that the gage was damaged 
during the test and a peak pressure was not measured. TABLE 4 
summarizes the peak pressures measured by the remaining gages. 
TABLE 5 provides maximum impulses resulting from integration of 
those records. TABLE 6 presents the impulse plug velocities, and 
TABLE 7 presents the calculated impulses based on plug mass. Original 
data sheets are included in Appendix A. 
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Figure 25. Side-on Gage and Charge Placement for Test 1. 
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TABLE 4. COMPARISON OF PRESSURES FOR BARE CHARGE TESTS. 


Measured Pressures 
(psi) 


Gage Test 2 Test 3 
Location (2.7) (2.4) 
Pi 466 


| 528 
| p2: | aot | i280 | too | 660 


P3: 175 


P4; 


N/A 
N/A 3500 2654 


TABLE 5. COMPARISON OF IMPULSES FOR BARE CHARGE TESTS. 


Integrated Impulses 
(psi-msec) 
Gage Test 1 Test 2 Test 3 Test 4 
Location (2.4) (2.7) (2.4) (2.7) 


mee eee ee ee ee 
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TABLE 6. COMPARISON OF IMPULSE PLUG VELOCITIES FOR 


Test 5 
(2.4) 
30 


BARE CHARGE TESTS. 


N/A 
6 


N/A 40. 


0.5 
N/A 


TABLE 7. COMPARISON OF CALCULATED PLUG IMPULSES FOR BARE 
CHARGE TESTS. 


ann: 


Calculated Impulse’ = 
(pei- msec) 


Plug Test }? | Test 2° | Test 3° Test 4° Test 5° 
No. | (2.4) (2.7) | (2.4) (2.7) | (2.4) 


| 
: 


147.0 195.0 198.1 154.8 

275.5 306.5 | 388.9 N/A 

358.1 435.6 | 422.7 314.5 
Fr 576.8 424.7 | 529.8 

468.5 | 386.0 | 607.2 434.6 

| 6: | wa 395.9 | 302.6 | 418.7 

nia [| 209.0 198.6 | 227.5 218.8 

| 8: { wa { N/a | 199.7 | 123.3 169.7 


Notes: 

1) Plug face area = .13 inches’ 

2) All plugs were aluminum. The average plug weight was 0.52 pounds 

3) Plugs 1,2,7 and 8 were aluminum. Plugs 3-6 were steel witu a 
weight of 1 pound 

4) Plugs 1,7 and 8 were aluminum. Plugs 2-6 were steel. 


b. Test 2 


The second test conducted involved a bare charge 
weighing 2.7-pounds. This test was also instrumented with four 
side-on pressure gages (P1-P4) and five reflected pressure gages 
(P8-Pl12). The side-on gages were again located at 24 inches and 
36 inches. Eight impulse plugs were used on this test. Five plugs 
had steel caps and three plugs had aluminum caps. This test also 
used sets of two fiber-optic break wires for each impulse plug for 
measuring the plug velocities. Seven of the eight impulse plugs 
were completely driven out of the fixture. Plug 8 did not break 
the second fiber-optics cable and a velocity was not obtained for 
this plug. Pressures were measured by each of the four side-on 
gages and by four of the five reflected pressure gages. These data 
are provided in TABLE 4. TABLE 5 presents the impulses measured 
and TABLES 6 and 7 include measured plug velocities and calculated 
specific impulse. The review of the pressure-time histories showed 
that gage no. P8 failed during the test and did not accurately 
measure the peak reflected pressure. Gage P10 was also damaged 
during the test, however, a peak reflected pressure was measured 
before the gage failed. e computer generated pressure-time 
histories, the impulses and the fiber-optics break times are given 
in Appendix A of this report. 


ec. Test 3 


The third test conducted involved a bare charge weighing 
2.4-pounds. This test was instrumented with six reflected pressure 
gages located at positions P7 - P12 and with four side-on pressure 
gages, Pl-P4. The side-on gages were located at 24 inches and 36 
inches Eignt impulse EtUeS five with steel caps and three with 

aluminum caps were used on this test. This test used the Dynasen 
position transducers (shorting pins) located at the back of the 
impulse plug fixture to measure the plug velocities. As previously 
mentioned, the position transducers were used in sets of two 
transducers, one 7 inches long and the other 6 inches long. The 
two transducers were located behind each of the plugs and as the 
plug cleared the fixture, it made contact with each transducer. 
All eight of the impulse plugs were completely driven out of the 
fixture. Velocities were calculated for each of the plugs based 
on the position transducer (shorting pin) data. The vel sities 
are provided in the summary data sheet, TABLE 5. Pressures were 
measured by each of the four side-on gages and by four of the six 
reflected pressure gages. Gages P8 and P10 failed during the test, 
prior to measuring the peak reflected pressures. The measured 
pressures for the other gages are included in TABLE 4. TABLES 6 
and 7 present measured plug velocity and calculated impulse. The 
computer generatea pressure-time histories and the shorting pin 
times are given in Appendix A. 
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d. Test 4 


This test involved a bare charge weighing 2.7-pounds. 
This test was also instrumented with six reflected pressure gages 
located at positions P7-P12 and with the four side-on pressure 
gages, P1-PL, For this test, however, the side-on gages were 
located at 36 inches and 48 inches Eight impulse plugs, five with 
steel caps and three with aluminum caps were used on this test. 
The impulse plug velocities were calculated using the data generated 
by the position transducers located behind the impulse plugs. All 
of the impulse plugs were completely driven out of the fixture. 
Pressures were measured by each of the four side-on gages and by 
four of the six reflected pressure gages and are included in TABLE 
4. The computer generated plots for the gages located at P7 and 
Pll indicated that the gages were damaged during the test and the 
pressures measured were questionable. TABLE 5 includes the measured 
impulses while TABLES 6 and 7 have plug velocities and impulses. 
The actual computer generated pressure-time histories and the 
position transducer break times are given in Appendix A. 


e. Test 5 


This test also involved a bare charge weighing 
2.4-pounds. This test was instrumented with two of the side-on 
pressure gages at positions Pl and P2 and with eight of the reflected 
pressure gages mounted at positions P5-P12. The two side-on gages 
were both placed 36 inches from the charge. The eight impulse 
plugs were installed as were the position transducers. Velocities 
were measured for seven of the eight impulse plugs. The back 
shorting pin on Plug 2 did not respond, thus a velocity calculation 
was not possible for this plug. Pressures were measured by each 
of the side-on gages and by all of the reflected pressure gages. 
The actual pressures are provided in TABLE 4. Measured impulse is 
presented in TABLE 5. TABLES 6 and 7 include plug velocities and 
impulse. The computer generated plots for the gages located at 
P5, P6 and P7 indicated that the gages were damaged during the test 
and the pressures measured were questionable. These plots are 
provided in Appendix A of this report. 


2. Cased Charge Tests 


A total of three cased charge tests were conducted inside 
of the reinforced concrete structure. The first cased test 
conducted, Test 6, involved the 2.7-pound cased charge which 
simulated the Mk 82 GP 500 bomb. The remaining two tests, Tests 
7 and 8, were conducted using the 2.4-pound cased charge which 
simulated the AN-Mk 1 AP 1600 pound bomb. Tests 6 and 7 were 
equipped with fragment velocity break screens for measuring the 
casing fragment velocities. Each set of screens consisted of a 
front and a rear break screen made out of aluminum foil sheets 18 
inches wide by 12 inches high. : The front screen and the rear screen 
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were spaced 12 inches apart. The corners of each of the aluminum 
sheets were wired to trigger boxes which produced an electrical 
pulse when the aluminum sheet was perforated by a fragment. The 
signals emitted by the front and the rear break screens were recorded 
on counters. Times measured were used to calculate the fragment 
velocity. Only velocities for the first fragment to hit the screeus 
were recorded. Velocities for those fragments impacting the screens 
at a later time were not measured. The first test was conducted 
using one row of fuur sets of screens. The second test conducted 
used two rows of four sets of velocity screens for a total of eight 
velocity measurements. The screens were positioned in the expected 
path of the cased charge fragments with the front screen located 
8-feet from the charge. 


The fiberboard bundles used to capture the fragments were 
positioned 9-feet away from the charge and directly behind the back 
velocity screens as shown in Figure 26. This configuration allowed 
some cerrelation to be made between the actual fragments recovered 
in the fiberboard and the velocities measured by the break screens. 
All fragments removed from the fiberboard sheets were cleaned, 
sized and weighed. Initial impact positions and trajectories of 
the fragments were recorded for use in fragment spray distribution 
calculations. In the three cased charge tests conducted, the center 
of the cased charge was always located 36 inches from the floor 
and with an 18-inch standoff from the impulse plug fixture. The 
following paragraphs describe the three cased charge tests. 


a. Test 6 


Test 6 was the first cased charge test conducted. A 
2.7-pound cased charge simulating the Mk 82 was tested. This test 
had tw. side-on pressure gages (Pl, P2) positioned 30 inches away 
from the charge. A steel pipe was placed in front of the side-on 
gages to aid in protecting the gages from fragment impacts. This 
fragment stripper pipe was located sufficiently far away from the 
gages so as to not affect the pyessure measurements. Eight ~eflected 
pressure gages were installed in the impulse plug fixture at 
pocitions P5-P12. Eight impulse plugs and corresponding position 
transducers were also installed in the fixture, as shown in Figure 
27. Four sets of velocity screens were positioned in a row and 
the fiberboard was located directly behind the screens as shown in 
Figure 26. For this test, 96 sheets of 0.5 inch thick fiberboard 
were used to capture the fragments. The cased charge was initiated 
using an RP-83 detonator. The resulting casing fragments severely 
damaged four of the reflected pressure gages and only Sages P8 - 
Pll measured acceptable pressure levels. The two side-on pressure 
gages measured the pressures even though one of the gages was 
severely damaged. The casing fragments also impacted the impulse 
plugs and deformed them. The plugs were wedged in place in the 
fixture and only ome plug (11) was able to exit the fixture ard 
function the position transducers. The four sets of fragment 
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velocity screens each recorded a fragment velocity with the four 
velocities ranging between 6,098 fps and 6,906 fps. The fiberboard 
was examined and over 171 casing fragments were recovered. 
Coordinates for each fragment were recorded as well as the depth 
of penetration, that is, the number of sheets penetrated, and the 
size and weight. TABLE 8 presents the pressure data, the measured 
impulses, and the impulse plug velocity and impulse data. Appendix 
E contains fragment ac*a collected in Test 6. Break screen data 
for Tests 6 - 7 is included in TABLE 9. 


TABLE 8. DATA SUMMARY FOR CASED CHARGE TEST 6. 


Measured 


Measured | Integrated 
Pressure Impulse 
(psi-msec) 


as ET CP 


TABLE 9. COMPARISON OF BREAK SCREEN VELOCSTIES. 


Measured Velocity 
_ (Eps) 
Screen Test 6 Test 7 
No. 2.7 Cased 2.4 Cased 


Set 1: 6906 6250 
Set 2: 6671 4167 
6519 


1386 


Set 4: 6098 2976 
Set 5: N/A 6757 
Set 6° N/A 4807 


Set 7: N/A 5556 | 
Set 8: N/A 6097 


Figure 26. Fiberboard Setup for Tests 6 - 7. 


Figure 27. Position Transducer Setup for Test 6. 


43 


b. Test 7 


This test was conducted with the 2.4-pound cased charge 
simulating the AN-Mk 1. This test also had two side-on pressure 
gages (Pl, P2), however, for this test, the gages were placed on 
separate stands with one gage positioned 30 inches away from the 
charge and the second gage positioned 48 inches away from the 
charge. Fragment stripper pipes were again placed in fronr of the 
gages to try and protect them from fragment impacts. Since the 
reflected pressure gages were so badly damaged in the previous test 
and very little data were obtained, it was decided to omit the 
reflected pressure gages and use only the side-on pressure gages. 
Similarly, the use of the impulse plugs in the previous test yielded 
very little usable data and their use were also omitted from this 
test. The number of sets of velocity screens was increased to two 
rows of four sets of screens per row. For ease in handling, the 
fiberboard was bundled in groups of 12 sheets per bundle. The 
velocity screens and the fragment recovery fiberboard bundles were 
positioned as shown in Figure 28. The cased charge was initiated 
using an RP-83 detonator. The resulting casing fragments slightly 
damaged the two side-on pressure gages, however, the damage did 
not affect the ability of the gages to measure the side-on pressures 
correctly. The eight sets of fragment velocity screens each recorded 
a maximum fragment velocity ranging between 2,976 fps and 6,575 
fps. TABLE 10 provides the side-on pressure and impulse data. The 
first fiberboard bundle, which consisted of 12 sheets was ignited 
by a hot fragment buried in the middle of the bundle and burned 
completely, preventing the accurate recovery of the fragments in 
the bundle. Since the fragment data were incomplete, it was decided 
to repeat this particular test. 


c. Test 8 


Test 8 was a repeat test of the 2.4-pound cased charge 
test. This test also had two side-on pressure gages (Pl, P2) 
however, they were positioned 48 inches away from the charge, one 
gage centered directly in line with the charge and the other gage 
offset at an angle. A fragment stripper pipe was again placed in 
front of each of the gages to protect them from fragment impacts. 
Since the purpose of this test was to obtain a good fragment count, 
impulse plugs, reflected pressure gages and fragment velocity 
screens were not used. The cased chazge was initiated using an 
RP-83 detonator. The resulting casing fragments damaged the two 


side-on pressure gages but the pressures were recorded. The 
fiberboard sheets survived this test and over 269 fragments were 
recovered. Coordinates for each fragment, as well as depth of 


penetration, size and weight, were recorded. The measured side-on 
pressures and impulses for this test are presented in TABLE 10. 
They compare favorably with the side-on pressures recorded for the 
previous test. Fragment data for this test are included in Appendix 
F. 
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Figure 28. Velocity Screen and Fiberboard Setup for Test 7. 
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TABLE 10. DATA SUMMARY FOR CASED CHARGE TESTS 7 AND 8. 


Measured Pressure Integrated Impulse 
i (psi-msec) 


Gage 


Location 


B. DETERMINATION OF EQUIVALENT BARE CHARGES 


At the conclusion of the loads tests with both the cased and 
bare charges, an effort was undertaken to define an equivalent 
charge for both the scaled lightly cased charge (Mk 82) and the 
scaled heavily cased charge (AN-Mk 1). This equivalent charge was 
based on the determination of a bare explosive charge with an 
impulse distribution similar to that produced by both blast and 
fragments from a cased charge. This was done to allow panel tests 
to be conducted on the three panel types with both cased charges 
and equivalent impulse bare charges. 


1. Cased Charge Blast Impulse 


As is presented in the paragraphs above and in TABLES 8 
and 10, the side-on airbiast measured in the cased charge tests 
was reduced considerably from that produced by an equivalent amount 
of bare explosive. Standard tables from Reference 1 were used to 
determine an appropriate bare charge that wold produce these blast 
impulses at the cited standoffs. TABLE 11 presents the charge 
weights determined for these impulses. This measured airblast was 
simply added to the fragment impulse described below to establish 
an equivalent charge. 


TABLE 11. 2.7- AND 2.4-POUND CASED CHARGE MEASURED 
AIRBLAST IMPULSE AND CORRESPONDING BARE 
CHARGES. 


Measured Equivalent Bare 
Charge Impulse Charge Weight 
(Test) {psi-ms) (pounds) 


2.373 
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2. Cased Charge Fragment Impulse 


As is described in the paragraphs above detailing the test 
procedures, fragments from Tests 6 and 8 were collected from the 
fiberboard anete and were weighed and measured. Impact lc cation 
and depth of penetration «ere also documented. These measurements 
were used to calculate a impact velocity for each fragment using 
a relationship for steei fragments into Celotex fiberboard as a 
function of presented ares. mass and depth of penetration as follows 
(from References 15 and lt): 


V = 44740 (eAy"we”™ 
where 
penetration depth, inches 
presented area, inches’ 


weight of fragment, grains 
velocity, feet/seconds 


ag po 
wuuun 


! 


The tables in Appendices E and F include all dara extracted from 
the fragment tests, and have columns of calculated impact velocity 
for each fragment. These calculated velccities, based on observed 
fragment penetration, mass and presented area are compared with 
measured maximum velocities observed in TABLE 12. The comparison 
presented in TABLE 12 is not conclusive. However, several qualifiers 
can be attached to the velocity data presented. First, the velocity 
screens break at the earliest arrival of very smail particles. 
Thus, very small case fragments (those not captured by the 
fiberboard) could break the screens while they may not be imbedded 
and found for recording. Second, the smaller fragments ave easy 
to overlook in the fiberboard. A small magnet is used to detect 
the fragments for recording which may miss some of the fragments 
weighing only a few grains. Finally, velocities close to those 
recorded were calculated, shown in Appendices E and F, but were 
not included in TABLE 11 because they were not assigned a 
corresponding screen number due to their estimated location. For 
the 2.7-pound Test 6 (light case), fragment velocities as high as 
5971 fps, 9180 fps, and 5572 fps were calculated (Fragments 1t9, 
170, and 171), but were noted as just missing the screea region 
(in two cases about 6 inches low, and in the third case about 2 
inches high. For the 2.4-pound Test 8 (heavy case), velocities as 
high as 6462 fps were calculated (Fragment 108). 


When a velocity for each fragment is known, momentum applied 
to the target can be calculated and a fragment impulse can be 
determined for each charge. Combining the calculated momentum with 
the catcher bundle size allows specific momentum or momentum per 
unit area (specific fragment inpulse on the target) to be calculated. 
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TABLE 12. COMPARISON OF CALCULATED AND BREAK SCREEN 
VELOCITIES. 


Test 6 Tests 7 and 8 
7 Cased 2.4 Cased 


Calculated 


Calculated] Measured Maximum 
Measured | Maximum Velocity | Velocity 
Velocity (fps) (fps) 


(Test 7) (Test 8) 


Additional fragment data is presented in Figures 29-32. 
These figures show the fragment dispersion as a function of height 
along the length of the cylindrical charge. Figures 29 and 31 show 
the number of fragment impacts for the 2.7 and 2.4 (lightly and 
heavily cased) charges respectively. Figures 30 and 32 show the 
- Calculated impulse. The fragment impacts can be seen to be skewed 
towards the top of the fiberboard panels slightly in the figure 
for Test 6 and towards the bottom for Test 8. This is logical for 
Test 8 since the charges were detonated at the top, and the resulting 
Taylor angle will drive them off at an angle greater than 
perpendicular due to the interaction of the detonation front with 
the casing material. It is unclear why Test 6 indicates a 
concentration of fragments opposite what the Taylor angle would 
suggest. 


The impulse distribution to be obtained and modeled after 
this fragment data is a function of the standoff of the weapon. 
Since the charges were located at a standoff of 9 feet from the 8 
foot wide fiberboard panels, the total fragment impulse is assumed 
to be that lying in a circular arc of 48 degrees in the horizontal 
dimension, spanning vertically over the charge height plus and 
minus 10 degrees for the 2.7-pound charge and ]1 degrees for the 
2.4-pound charge based on the fragment concentrations in the data 
of Appendices E and F. From Figures 29-32 it can also be seen that 
for the 2.7-pound test, the impulse is evenly distributed over the 
4 foot height, while for che 2.4-puound test 93 percent cf the 
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Fragment Impulse Distribution for the 2.4-Pound 
(Heavily Cased) Test. 


ulse = 36.688 lb—sec 


‘otal Imp 
Over Total Target Sheet 


qa 


L 


Figure 32. 


i Fem Ne Po ett 


for the 2.7-pound charge and 11 degrees for the 2.4-pound charge 
based on the fragment concentrations in the data of Appendices E 
and F. From Figures 29-32 it can also be seen that for the 2.7-pound 
test, the impulse is evenly distributed over the 4 foot height, 
while for the 2.4-pound test 93 percent of the impulse is distributed 
over 75 percent of the height. Using a relationship for the impulse 
at some radius from the surface center combined with the above 
data, specific impulses for the two charges can be defined for 
different standoffs. 


i = aR (3) 


where 
i, = impulse at the surface center, psi-ms 
1, = impulse at the radius, r, psi-ms 
cr = radius from surface center, inches 
R = standoff from charge to surface, inches 


From the data, the 2.7-pound charge had a total impulse of 1.288 
pound-second and the 2.4-pound charge had a total impulse of 36.688 
pound/ second. TABLE 13 shows the fragment specific impulses 
calculated for three standoffs. Figure 33 shows the distributions 
for re and 2.4-pound fragment impulses at a 12-inch 
standorftr. 


TABLE 13. CALCULATED IMPULSES FOR THE CASED CHARGES AT 
6 INCH, 12 INCH AND 18 INCH STANDOFFS. 


Impulse 
(psi-ms) 


Charge Type 6 inch 12 inch 
“Zr-pound Cased | 20.0 | 8.62 
2.4-pound Cased 919.7 373.14 208.54 


3. Equivalent Charge Definition 


To define the equivalent charges, the calculated impulse 
distributions for the bare charges equivalent to the measured side-on 
blast impulse from Tests 6 and 7 were superimposed on the fragment 
impulse distributions calculated and shown in Figure 33. A pendix 
G presents these ca)culations. Bare explosive charges whic would 
produce impulse distributions very similar to the predicted blast 
and fragment impulses of the 2.7-pound and 2.4-pound cased charges 
were then determined. An equivalent charge of 2.373 pounds at 


51 


PSI-MS 


4 3 2 1 ¢ ' 2 3 4 


DISTANCE FROM CENTER LINE 
(FT) 


Figure 33. Impulse Distributions for the 2.7-Found and 
2.4-Pound Cased Charges at a 12 inch Standoff. 
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identical standoff was chosen to simulate the 2.7-pound cased charge. 
An equivalent charge of 2.8 pounds at slightly larger standoffs 
(7.2 inches, 15.6 inches, and 22.8 inches) was chosen to simulate 
the 2.4-pound cased charge. Figures 34 and 35 show plots of the 
calculated and predicted impulse distributions of the cased charges 
and equivalent bare charges respectively. 


C. PANEL TESTS 


As previously mentioned, cased charge tests and equivalent bare 
charge tests were conducted on three different types of panel 
constructions. The three construction types tested were the 
following: Type A ~ a standard reinforced concrete panel, Type B 
- a heavily reinforced concrete panel and Type C - a reinforced 
SIFCON panel. Four panels of each type were fabricated and one of 
the panels was tested against each of the following threats: 


* 2.7-pound cased charge at 6 inch standoff 
« 2.4-pound cased charge at 6 inch standoff 
« 2.4-pound equivalent bare charge (2.4 pounds of C4 at 6 inch 

standoff) (replicates 2.7 cased) E : 


* 2.8-pound equivalent bare charge (2.8 pounds of C4 at'7 inch 
standoff) (replicates 2.4 cased) 


The following paragraphs describe the panel tests. 
l. Type A Panel Tests 
a. ‘Test 9 


Test 9 was conducted using the 2.7-pound cased charge. 
The test panel was mounted in the concrete reaction structure as 
shown in Figure 36 and the cased charge was positioned at the 6 
inch standoff (Figure 37). This test utilized one high-speed camera 
positioned to record the reinforced concrete wall failure pattern. 
The back side of the wall was painted to aid in viewing the failure. 
The cased charge was detonated using an RP-83 detonator located 
approximately 1 inch from the top of the cased charge. The high-speed 
camera was used to provide the pulse that initiated the detonator. 
Post-test inspection of the wall showed that the cased charge had 
created a breach 20 inches wide by 14 inches high as shown in Figure 
38. The wall also had a back face spall area of approximately 32 
inches wide by 25 inches high. The wall had a major vertical 
failure about midway across the face, and had rotated approximately 
5.75 inches at the center as shown in Figure 39. The charge side 
of the wall also exhibited major damage as shown in Figure 40. The 
wall damage was documented and the wall was removed. A schematic 
of the back face damage is shown in Figure 41. TABLE 14 presents 
a tabulation of debris velocity for Tests 9-20. TABLE 15 is a 
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Light Cased Charge Comparisons 


Bare Equivalent to Cased incident Airblast (2.373 Ib.) 
Bare Equivalent to Cased incident Airblast with Fragment Impulse 
Bare Equivalent to Airbiast and Fragment Impuise of Lightly Cased Charge 


Specific Impulse (psi-ms) 


Figure 34. 


. charge at 12 in. 

. charge ot 12 in. with frag. Impulse (,m656.44 ib--s0¢) 
. charge at 18 In. 

. charge at 18 In. with frag. impulee (1,=872.67 ib—sec) 
. charge at € in. 

. charge at 6 in. with frag. impulse (261 4.48 ilb—sec) 


2.400 Ib. charge equivaient to airblest and frag. impulse at 12 in 
(1,658.4 Ib—sec) 


2.400 Ib. charge equivaient to airblast and frag. impulse at.13 in 
(1,671.6 tb-sec) . 


2.400 fb. charge equivalent to cirbiest and frag. impulse at 6 in 
(1,608.0 tb—sec) ; 


Comparison of the Predicted Blast and Fragment 
Impulse with the Equivalent Bare Explosive Charge 
for the 2.7-Pound Cased Charge. 
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Heavy Cased Charge Comparisons 
(Over 18.0 in. Charge Radius) 
Bare Equivalent to Cased Incident Airblast witn Fragment Iinpulse 
Bare Re to Airblast and abe lban ie uegt Impulse of Heavily Cased Charge 


3000 
0. 567 Ib Ib, charge with frag. impulse at 18 in. (10536. 1 lb-sec) 
—- 0.567 Ib. charge with frag. impulse at 12 in. (1'@518.2 Ib—sec) 
0.567 Ib. charge with frag. impulse at 6 in. (I, 41103.5 Ib-sec) 

2500 


— 2.8 lb. charge at 22.8 In. (n531. .8 lb-sec) 
2000 —- 2.8 Ib. charge at 15.6 in. (I411.6 Ib—sec) 


2.8 \c. charge at 7.2 in. (i. 3490 Ib-sec) 


Specific Impulse (psi-ms) 
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Figure 35. Comparison of the Predicted Blast and Fragment 
Impulse with the Equivalent Bare Explosive Charge 
for the 2.4-Pound Cased Charge. 


Figure 36. Panel-Type A Mounted in Reaction Structure Support 
Frame. 


Figure 37. Charge Setup for Test 9. 
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Figure 38. Test 9 Wall Damage (Type A, 2.7-Pound Cased 
Charge). 


Figure 39. Test * Wall Rotation (Type A, 2.7-Pound Cased 
Charge). 


Figure 40. Test 9 Charge Side Wall Damage (Type A, 2.7-Pound 
Cased Charge). 


5 3/4" DEFORMATION 


Figure 41. A Schematic of Test 9 Wall Damage (Type A, 
2.7-Pound Cased Charge). 


TABLE 14. PANEL DEBRIS VELOCITY. 


2.4 Equivalent 


19 2.4 Cased C 
. 20 2.4 Equivalent C 
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summary of wall damage for those tests. Review of the high-speed 
footage indicated that the backface failure was hemispherical in 
pattern over the 12 inch red square. 


b. Test 10 


Test 10 was conducted on the Type A panel using the 
equivalent bare charge (replicating the 2.7 cased) which was 2.4 
pounds of C4 at a standoff of 6 inches. The wall was bolted to 
the reaction structure. A second high-speed camera and a grid 
background for use in measuring the wall fragment velocities were 
introduced for this test. The wall sustained a considerable amount 
of damage as shown in Figure 42. An area approximately 14 inches 
wide by 7 inches high was broken into small pieces which remained 
confined in the wall by the reinforcement as shown in Figure 43. 
The reinforcement was deformed but did not fail. The small rubble 
was removed and a complete breach 14 inches by 7 inches was evident 
(Figure 44). The wall spalled over an area approximately 38 inches 
wide by 24 inches high. A major vertical failure was evident midway 
across the span and the wall rotated 8 inches as shown in Figure 
45. Damage to the charge side of the wall is shown in Figure 46. 
Subsequent evaluations of the high-speed film showed that the wall 
area directly behind the charge (the area painted red in Figure 
36) deformed initially in a conical pattern with the debris initially 
emanating from the center of the panel and was ejected with 
considerable velocity. Additionai fragments were ejected from the 
wall, however, these pieces were found to be traveling at much 
slower speeds. The evaluation of the film showed that the fastest 
fragments were traveling approximately 168 fps while the slower 
fragments were traveling at an average velocity of approximately 
70 fps. The wall damage was documented and photographed and the 
rei was removed. A schematic of the back face is shown in Figure 

7. 


ec. Test ll 


This test involved the 2.4-pound cased charge and 
Panel-Type A. The cased charge was positioned 6 inches from the 
wall and detonated remotely using the high-speed camera to initiate 
the detonator. A post-test inspection showed that the wall had 
sustained major damage with a breach approximately 28 inches wide 
by 12 inches high as shown in Figure 48. The spall area was 32 
inches wide by 21 inches high and several reinforcement bars were 
severed by the blast and casing fragments (Figure 49). The wall 
suffered a major vertical crack at midspan and rotated approximately 
5.25 inches as shown in Figure 50. Damage to the charge side of 
the wall indicated a very directional casing fragment spray (Figure 
51). The evaluations of the high-speed film showed that the wall 
failed similar to the previous cased charge test with a hemispherical 
failure directly behind the charge. The wall fragments in this 
area were ejected at a velocity of 336 fps as measurea by the 
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Figure 42. Test i0 Wall Damage (Type A, 2.4-Pound Equivalent 
Charge). 


Figure 43. Test 10 Wall Damage Detail (Type A, 2.4-Pound 
Equivalent Charge). 


Figure 44. Test 10 Breach Detail after Debris Removal. 


(Type 
A, 2.4-Pound Equivalent Charge). 


Figure 45. Test 10 Panel Rotation (Type A, 2.4-Pound 
Equivalent Charge). 
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Figure 46. 
"e Equivalent Charge). 


TEST NO. 10 2.4 #EQUIV/TYPE A 
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WALL DEFORMED 8° 
Figure 47, A Schematic of Test 10 Wall Damage (Type A, 
2.4-Pound Equivalent Charge). 
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Figure 48. Test 11 Wall Damage (Type A, 2.4-Pound Cased 
Charge). 


Figure 49. Test 11 Wall Damage Detail (Type A, 2.4-Pouud Cased 
Charge). 


65 


we 


ation (Type A, 2.4-Pound Cased 


Figure 50. Test 11 Wall Ro 
Charge). 


ct 


Figure 51. Test 1l Charge Side Wall Damage (Type A, 2.4-Pound 
Cased Charge). 


high-speed camera. The slower fragments were traveling at 
approximately 76 fps. A schematic of the back face damage is shown 
in Figure 52. 


d. Test 12 


Test 12 was conducted on the Type A panel using the 
equivalent bare charge (replicating the 2.4 lb. cased charge) of 
2.8 lbs. of C4 at a standoff of 7 inches The wall was bolted to 
the reaction structure and the bare charge positioned. The wall 
suffered a considerable amount of damage as shown in Figure 53. 
An area approximately 14 inches wide by 8 inches high was broken 
into small pieces which remained confined in the wall by the 
reinforcement as shown in Figure 54. The reinforcenent was deformed 
but did not fail. The wall sustained major damage over an area 
approximately 36 inches wide by 34 inches high consisting primarily 
of back face spall. A major vertical crack was found midway across 
the span and the wall rotated 14.0 inches as shown in Figure 55. 
Damage to the charge side of the wall is shown in Figure 56. 
Subsequent evaluations of the high-speed film showed that the wall 
area directly behind the charge deformed initially in a conical 
pattern with debris emanating from a point as was noticed on the 
previous equivalent bare charge test. The faster fragments were 
ejected with a velocity of 140 fps which is similar to the velocity 
of the fragments generated in Test 10. The slower fragments were 
traveling at a velocity of 70 fps as measured from the high-speed 
film which is also comparable to the velocities in Test 10. The 
damage was documented and photographed and the wall was removed. 
A schematic of the back face response is shown in Figure 57. 


2. Type B Panel Tests 
a. Test 13 


Test 13 was conducted using the 2.7-pound cased charge 
against the heavier reinforced panel design. This particular test 
panel design was instrumented with Dynasen piezoresistive shock 
pressure carbon gages and with piezocrystais for measuring the 
time-of-arrival of the shock wave. Detailed descriptions of the 
instrumentation is presented in Section II of this report. The 
test panel was mounted in the concrete reaction structure and the 
cased charge was positioned at the 6 inches standoff. This test 
utilized one high-speed camera positioned to record the reinforced 
concrete wall failure pattern and a second high-speed camera to 
measure the resultant wall fragment velocities. The piezocrystals 
and piezoresistive shock pressure carbon gage outputs were recorded 
on magnetic tape for later analyses. The cased charge was detonated 
using an RP-83 detonator located approximately 1 inch from the top 
of the cased charge. Post-test inspection of the wall showed that 
the cased charge created an extensive amount of damage. The concrete 
was broken up into small pieces ia an area 21 inches wide by 18 
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TEST NO. 11 2.4 PASED/TYPE A 


ee 


Figure 52. A Schematic of Test 11 Wall Damage .fype A, 
2.4-Pound Cased Charge). 


Figure 53. Test 12 Wall Damage (Type A, 2.8~-Pound Equivalent 
Charge). 
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Figure 54. 


Test 12 Wall Damage Detail (Type A, 2.8-Pound 
Equivalent Charge). 


Figure 55. 


Test 12 Wall Rotation (Type A, 2.8-Pound Equivalent 
Charge). 
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Figure 56. Test 12 Charge Side Wall Damage (Type A, 2.8-Pound 
Equivalent Charge). 


TEST NO. 12 2.8 EQUIV./TYPE A 


Figure 57. A Schematic of Test 12 Wall Damage (Type A, 
2.8-Pound Equivalent Charge). 


inches high as shown in Figure 58. The reinforcement was deformed 
but did not fail and the bulk of the concrete rubble was trapped 
by the reinforcement. The wall had a large spall area of about 30 
inches wide by 35 inches high. The small rubble was removed from 
the wall revealing a breach 21 inches wide by 18 in high. The wall 
had a major vertical crack about 18 inches from the right side of 
the wall coinciding with the locations of the carbcn gages. The 
midpoint of the wall rotated approximately 1.75 inches as shown in 
Figure 59. The charge side of the wall also exhibited major damage 
as shown in Figure 60. The high-speed films were reviewed and 
showed that the wall failed in a manner similar to the previous 
cased charge tests on the standard reinforced concrete panels, that 
is, hemispherical section of material behind the charge exiting at 
a high velocity. The wall fragments in this area were traveling 
at a speed of 210 fps as measured by the fragment high-speed camera. 
The slower fragments ejected later were traveling at approximately 
60 fps. The signals from the crystals and from the carbon gages 
were analyzed and plots of these data are presented in Appendix C. 
The wall damage was documented and the wall was removed. A schematic 
of wall response is shown in Figure 61. TABLE 16 presents the peak 
pressures generated from carbon gage records for Tests 13 - 16 and 
19 - 20. TABLE 17 presents TOA data. 


b. Test 14 


Test 14 was conducted using our equivalent bare charge 
(replicating the 2.7-pound cased charge) weighing 2.4 pounds at a 
standoff of 6 inches The instrumented wall was bolted to the 
reaction structure. The plezocrystals and the piezoresistive carbon 
gage outputs were recorded on magnetic tape. The wall sustained 
a considerable amount of damage as shown in Figure 62. The wall 
had a vertical crack coinciding with the positioning of the carbon 
gages. An area approximately 14 inches wide by 10 inches high was 
broken into small pieces which remainz:! confined in the wall by 
the reinforcement as shown in Figure 63. Tue reinforcement in this 
test was also deformed but did not fail and served to trap the 
smaller rubble. Unlike the previous test, the entire thickness of 
the wall was not broken up and a complete breach was not found. 
The portion of the wall that sustained spall damage was approximately 
22 inches wide by 37 inches high. The wall rotated 2.0 inches at 
the mid-point as shown in Figure 64. Damage to the charge side cf 
the wall is shown in Figure 65. Subsequent evaluations of the 
high-speed film showed that the wall area directly behind the charge 
deformed initially in a conical pattern with debris originating at 
a point and was ejected with considerable veivcity. The fastest 
fragments were traveling approximately 140 tvs while the slower 
fragments were traveling at an average of énproximately 52 fps. 
The signals from the crystals and from the carbon gages were analyzed 
and plots of these data are presented in Appendix C. The wall 
damage was documented and photographed and the wall was removed. 
A schematic of the wall failure is presented in Figure 66. 


dd 


Figure 58. Test 13 Wall Damage (Type B, 2.7-Pound Cased 
Charge). 


Figure 59. “Test 13 Wall Rotation (Type B, 2.7-Pound Cased 
Charge). 
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Test 13 Charge Side Wall Damage (Type B, 2.7-Pound 


Cased Charge). 
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Figure 60. 
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Figure 6.. 
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A Schematic of Test 13 Wall Damage (Type B, 
r 


2.7-Pound Cased Charge). 


TABLE 16. PLIEZORESISTIVE SHOCK PRESSURE CARBON GAGE (CG) DATA. 


Pressures (psi) 


Gage Test 15 Test 19 

Location (B2.4C) (C/2.4C) 
(App. C Test 14 (2nd Test 16 (2nd Test 20 
Location) (B/2.4E) Peak) (B/2.8E) Peak) (C/2.8E) 


Note: (B/2.7C) = Wall Type B/2.7-pound Cased Charge 


(B/2.4E) = Wall Type B/2.4-pound Equivalent Bare Charge 
(B/2.4C) = Wall Type B/2.4-pound Cased Charge 
(B/2.8E) = Wall Type B/2.8-pound Equivalent Bare Charge 
(C/2.4C) = Wall Type C/2.4-pound Cased Charge 
(C/2.8E) = Wall Type C/2.8-pound Equivalent Bare Charge 


TABLE 17. PIEZOCRYSTAL SHOCK WAVE ARRIVAL TIMES. 
Time of Arrival (:1s«c) 


Crystal Test 13 
| Location | (B/2.7C) | (B/2.4E) 
: TE A 
eat ced TT 
ca TT 


53-214 


Note: (B/2.7C) = Wall Type B/2.7-pound Cased Charge 
(B/2.4E) = Wall Type B/2.4-pound Equivalent Bare Charge 
(B/2.4C) = Wall Type B/2.4-pound Cased Charge 
(B/2.8E) = Wall Type B/2.8-pound Equivalent Bare Charge 
(C/2.4C) = Wall Type C/2.4-pound Cased Charge 
(C/2.8E) = Wall Type C/2.8-pound Equivaleit Bare Charge 
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Figure 62. Test 14 Wall Damage (Type B, 2.4-Pound Equivalent 
Charge). 


Figure 63. Test 14 Wall Damage Detail (Type B, 2.4-Pound 
Equivalent Charge). 
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Figure 64. Test 14 Wall Rotation (Type B, 2.4-Pound Equivalent 
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Figure 65. Test 14 Charge Side Wall Damage (Type B, 2.4-Pound 
Equivalent Charge). 
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Figure 66. A Schematic of Test 14 Wall Damage (Type B, 
2.4~Pound Equivalent Charge). 
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ec. Test 15 


This test involved the 2.4-pound cased charge. The 
cased charge was positioned 6 inches from the heavier reinforced 
wall and detonated remotely using the high-speed camera to initiate 
the detonator. The outputs of the piezoresistive shock pressure 
carbon gages and the piezocrystals were recorded on magnetic tape 
for later processing. A post-test inspection of the wall showed 
that the wall had sustained major damage with a breach approximately 
28 inches wide by 24 inches high as shown in Figure 67. The spall 
area was 35 inches wide by 41 inches high. The reinforcement steel 
was deformed by the blast and casing fragments (Figure 68). The 
wall sustained several vertical cracks and rotated approximately 
1.75 inches as shown In Figure 69. Damage to the charge side of 
the wall (Figure 70) indicated a very directional casing fragment 
spray. The evaluations of the high-speed film showed that the wall 
failed similar to the previous cased charge test with a hemispherical 
failure directly behind the charge. The wall fragments in this 
area were ejected at a velocity of 291 fps as measured by the 
fragment high-speed camera. The slower fragments were traveling 
at approximately 76 fps. Computer generated plots of the outputs 
from the crystals and from the carbon gages are presented in Appendix 
C. A schematic of the wall damage is shown in Figure 7l. - i 


d. Test 16 


Test 16 was conducted on the Type B panel using the 
equivalent bare charge of 2.8 pounce of C4 (replicating the 2.4-pound 
cased charge) at a standoff of 7 inches The charge shape was 
changed for this test and a spherical charge was used instead of 
a cylindrical charge as had been used in all of the previous tests. 
The charge shape was changed to see what effect shape had on the 
damage mechanism and measured stress. The wall was bolted to the 
reaction structure and the bare charge positioned. The charge was 
remotely detonated using the RP-83 detonator which was initiated 
by a pulse from the high-speed camera used to record the wall 
failure mechanism. The damage suffered by the wall was considerably 
less than previous tests as shown in Figure 72. The wall suffered 
some small amounts of back face spall with no significant failures 
or breaches. A rotation of 2.25 inches was measured. Damage to 
the charge side of the wall is shown in Figure 73. The high-speed 
film from the fragment camera showed that very few fragments were 
ejected and the faster fragments were ejected with a velocity of 
120 fps. The slower fragments were traveling at a velocity of 3l 
fps. The wall damage for this test and for Test 14 were very 
different in magnitude. The piezocrystals and the piezoresistive 
carbon gage outputs which had been recorded on magnetic tape were 
analyzed and plots of these data are presented in Appendix C. 
schematic of wall damage is shown in Figure 74 
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Figure 67. Test 15 Wall Damage (Type B, 2.4-Pound Cased 
Charge). 
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Figure 68. Test 15 Wall Damage Detail (Type B, 2.4-Pound Cased 
Charge.) 
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Figure 69. Test 15 Wall Rotation (Type B, 2.4-Pound Cased 
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Figure 70. Test 15 Charge Side Wall Damage (Type B, 2.4-Pound 
Cased Charge). 
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Figure 71. A Schematic of Test 15 Wall Damage (Type B, 
2.4-Pound Cased Charge). 
TEST NO. 15 2.4 CASED/TYPE B 


11/4" ROTATION 
Figure 72. Test 16 Wall Damage (Type B, 2.8-Pound Equivalent 
Spherical Charge.) 


Figure 73. Test 16 Charge Side Wall Damage (Type B, 2.8-Pound 
Equivalent Spherical Charge). 
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Figure 74. A Schematic of Test 16 Wall Damage (Type B, 
2.8-Pound Equivalent Spherical Charge). 


3. Type C Panel Tests 
a. Test 17 


Test 17 was conducted using the 2.7-pound cased charge 
against a reinforced SIFCON panel without instrumentation. The 
test panel was mounted in the concrete reaction structure and the 
cased charge was positioned at the correct standoff. The charge 
was initiated using a pulse from the high-speed camera used to 
record the wall failure pattern. Post-test inspection of the wall 
showed that the wall had suffered very slight damage which was 
confined to the area directly behind the cased charge. The wall 
did have a vertical crack, however, and the wall rotation was 0.75 
inches A section of the SIFCON wall was rotated out from the back 
face as shown in Figure 75 and very fine pieces of the wall were 
ejected. The material ejected was not distinguishable in the 
high-speed films as fragments and velocities were not measured. 
Figure 76 shows a closeup of the back face. Figure 77 shows charge 
side damage. A schematic of wall damage is shown in Figure 78. 


b. Test 18 


Test 18 was also conducted on the Type C panel. An 
equivalent bare charge (replicating the 2.7-pound cased charge) 
which was 2.4 pounds of C4 at a standoff of 6 inches was used. The 
wall was bolted to the reaction structure. The charge was remotely 
detonated using the RP-83 detonator. The wall sustained only a 
minimal amount of damage limited to the area directly behind the 
charge. This damage consisted of cracks in the wall and a slightly 
raised portion as shown in Figure 79. A 2-inch rotation was measured 
and is shown in Figure 80. No measurable fragments were seen in 


the high-speed films. The wall damage was documented and 
photographed and the wall was removed. Figure 81 shows a close up 
of back face damage. Figure 82 shows charge side damage. A 


schematic of the damage is also shown in Figure 83. 
ce. Test 19 


This test involved the 2.4-pound cased charge. The 
cased charge was positioned 6 inches from the reinforced SIFCON 
wall and detonated remotely using the high-speed camera to initiate 
the detonator. The outputs of the piezoresistive shock pressure 
gages and the piezocrystals were recorded on magnetic tape for 
processing after the test. A post-test inspection of the wall 
Showed that the wall had sustained major damage with a breach 
approximately 12 inches wide by 8 inches high as shown in Figure 
84. The spall area was 24 inches wide by 13 inches high. The wall 
suffered some vertical cracks and rotated approximately 0.875 inches 
as shcwn in Figure 85. Damage to the shares side of the wall 
indicuted a very directional casing fragment spray. The high-speed 
film from the fragment camera showed that the high velocity fragments 
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Figure 75. Test 17 Wall Damage (Type C, 2.7-Pound Cased 
Charge). 


Figure 76. Test 17 Wall Damage Detail (Type C, 2.7-Pound Cased 
Charge). 
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Figure 77. Test 17 Charge Side Wall Damage (Type C, 2.7-Pound 
Cased Charge). 
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Figure 78. A Schematic of Test 17 Wall Damage (Type C, 
2.7-Pound Cased Charge). 
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Figure 79. Test 18 Wall Damage (Type C, 2.4-Pound Equivalent 
Charge). 


Figure 80. Test 18 Wall Rotation (Type C, 2.4-Pound Equivalent a 
Charge). 
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Figure 81. Test 18 Wall Damage Detail (Type C, 2.4-Pound 
Equivalent Charge). 


Figure 82. Test 18 Charge Side Wall Damage (Type C, 2.4-Pound 
Equivalent Charge). 
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Figure 83. A Schematic of Test 18 Wall Damage (Type C, 
2.4-Pound Equivaient Charge). 
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Figure 84. Test 19 Wall Damage (Type C, 2.4-Pound Cased 
Charge). 


Figure 85. Test 19 Wall Rotation (Type C, 2.4-Pound Cased 
Charge). 
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were traveling at a velocity of approximately 288 fps. The rear 
face debris formed a hemispherical pattern. The slower fragments, 
shown in Figure 86, were traveling at a velocity of 70 fps. The 
signals from the crystals and from the carbon gages were analyzed 
and plots of these data are presented in Appendix C. Figure 87 
shows charge side damage. A schematic of the wall failure is shown 
in Figure 88. 


d. Test 20 


Test 20 was conducted on the instrumented Type C panel 
using the equivalent bare charge (replicating the 2.4-pound cased 
charge) of 2.8 pounds of C4 at a standoff of 7 inches The wall 
was bolted to the reaction structure and the bare cylindrical charge 
positioned. The charge was remotely detonated using the RP-83 
detonator which was initiated by a pulse from the high-speed camera 
used to record the wall failure mechanism. The damage suffered by 
the wall was considerably less than the cased charge test with no 
significant breaches or failures, as shown in Figure 89. The actual 
wall damage is more of a petaline of the back face as is usually 
found in metal targets rather than a spall failure as is normally 
found in reinforced concrete walls. The wall did sustain a vertical 
crack and rotated approximately 1.25 inches. Damage to the charge 
side of the wall is shown in Figure 90. The high-speed film showed 
that very few fragments were ejected and the faster fragments were 
traveling at a velocity of 105 fps. The carbon gage data and the 
crystal data was processed and plots of the data are included in 
Appendix C. A closeup of back face damage is shown in Figure 91. 
Figure 92 shows a schematic of wall damage. 
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Figure 86. Test 19 Wall Debris (Type C, 2.4-Pound Cased 
Charge). 


Figure 87. Test 19 Charge Side Wall Damage (Type C, 2.4-Pound 
Cased Charge). 
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Figure 88. A Schematic of Test 19 Wall Damage (Type C, 
2.4-Pound Cased Charge). 


Figure 89. Test 20 Wall Damage (Type C, 2.8-Pound Equivalent 
Charge). 


Figure 90. Test 20 Charge Side Wall Damage (Type C, 2.8-Pound 
Equivalent Charge). 


Figuce 91. Test 20 Wall Damage Detail (Type C, 2.8-Pound 
Equivalent Charge). 


Figure 92. A Schematic of Test 20 Wall Damage (Type C, 
2.8-Pound Equivalent Charge). 
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SECTION IV 
ANALYSIS OF RESULTS 
A. DISCUSSION OF RESULTS 


As described previously, the loads tests were conducted for 
tw principal reasons. First, the impulse plate fixture was shown 
to be a solid test device for load quantification for bare explosive 
tests. While the plate was not used to generate data later in the 
program for equivalent bare charges due to schedule and funding 
constraints, it can be effectively used in follow-on work. The 
second reason for the loads test concerned the quantification of 
cased charge airhlast and fragment impulse. These test directly 
supported the panel testing effort. 


1. Loads Tests 


The bare charge tests and the cased charge tests were 
‘.oiducted to quantify the loads generated by the cased weapon for 
use in establishing an equivalent bare charge. In the bare cha: | 
tests conducted at SwRI, measurements of the side-on pr°.:ure, 
reflected pressure, and impulse distribution were made. ‘The zased 
charge tests included measuremencs of the side-on preszure, 
reflected pressure, impulse distribution and fragment 
characterization, that is, fragment size, weight, and velocity. 
The combination of the bare charge data and the cased charge data 
were used to develop the equivalent bare charge. The following 
paragraphs provide a general discussion of the results of the loads 
tests. 


a. Bare Charge Tests 


The data measured in the bare charge tests have been 
summarized in TABLES 4 ~ 7 and includes the pressure data, integrated 
impulses, the impulse plug velocities and the calculated impulses 
on the plugs. This impulse data were calculated using the velocity 
data and the area of the plugs. The side-on pressure data are 
given in TABLE 4, gages number P1-P4. As can be seen in TABLE 4, 
the data vary considerably; however, this variation is because the 
gage positioning varied from test to test. Comparisons of the 
measured side-on pressures to a predicted side-on pressure yielded 
acceptable results. The reflected pressures are shown in locations 
P5-P\2. The first three tests were conducted with a total of five 
reflected pressure gages, using PCB high pressure gages close to 
the charge. As can be seen in TABLE 4, gages failed in every test, 
primarily close in to the charge at the very high pressure areas 
(locations 8 and 10). Tests 4 and 5 were conducted using a larger 
number of gages. These tests also had a significant number of gage 
failures. A comparison of the reflected pressures for the five 


tests shows a fairly good agreement between the tests conducted 
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using the same charge weight. Tests 2 and 4 both involved 2.7 
pounds of C4 and as shown in TABLE 4, the recorded pressures at 
locations 9, 10, and 12 show good agreement. Similarly, Tests 1 
and 3, used the 2.4-pound charge and show good agreement at location 
P9 and Tests 3 and 5 show good agreement at locations Pll and P12. 
The integrated impulse data are presented in TABLE 5 and shows the 
same trends. 


The impulse plug velocity data are summarized in TABLE 
6. A comparison of the 2.4-pound tests (Tests 1, 3 and 5) shows 
a considerable variation especially in the results of Test 1. This 
variation is due in part to the fact that Test 1 used the fiber 
optic break wires while Tests 3 and 5 used the position transducers. 
Similarly, Test 2 used the fiber-optic break wires while Test 4 
used the position transducers. A comparison of the actual velocities 
measured in Test 3 to a predicted calculated impulse showed that 
for the plugs closest to the charge (Plugs 3-7) the measured 
velocities for four of the plugs were within 12 percent of the 
predicted. One of the velocities, that of Plug 5, was within 24 
percent of predicted. Siuilarly, a comparison of the actual 
velocities measured in Test 5 to the predicted calculated impulse 
showed variations ranging from 11 percent from predicted for Plug 
5 to 28 percent for Plug 3. The remaining plugs varied between 19 
percent and 23 percent. The comparison of Test 4 (the 2.7 pound 
test) to the predicted velocities for that test showed a very good 
agreement between the measured and the predicted. Variations ranged 
from a maximum of 14.5 percent at Location 7 to a minimum of 0 
percent at Location 3. Locations 4 and 6 were all wivhin 9 percent 
of the predicted velocity and Location 5, which was directly in 
front of the charge, within 3.9 percent. The impulse acting on 
the plugs was calculated using the measured velocities and these 
impulses are summarized in TABLE 6. Ajl predictions were made 
using the Tables presented in Reference 1. 


b. Casea Charge Tests 


The cased charge data have been summarized in TABLES 
8 - 10 ard they include the measured pressures, integrated impulses, 
lug velocity and casing fragment velocities as recorded by the 
reak screens. A comparison of the measured side-on and reflected 
pressures to calculated pressures shows a relatively good agreement 
for Test 6. This agreement indicates that the airtlast pressure 
is not significantly reduced by the light casing on the 2.7-pound 
charge. A direct comparison of the 2.7-pound bare charge and the 
2.7-pound cased charge shcvs an average 35 percent reduction in 
side-on pressures. A comparison of impulse shows very little 
reduction due to casing effects. 
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Pressures and impulses were more dramatically reduced 
by the heavy casing of the 2.4-pound charge. TABLES 4, 5 and 10 
show that pressures were reduced an average of 66 percent and 
impulse by 48 percent. 


A comparison of the highest measured fragment velocities 
to a calculated "Gurney" velocity for the 2.7-pound cased charge 
and for the 2.4-pound cased charge showed reasonable agreement. 
The Gurney initial fragment velocity for the 2.7-pound cased charge 
was calculated to be 8079 fps while the highest measured velocity 
for Test 6 was 6906 fps. The Gurney initial fragment velocity for 
the 2.4-pound cased charge was 4815 fps and the highest measured 
velocity in Test 7 was 6757 fps. 


2. Panel Tests 
a. Response Mode 


(1). Comparison of Bare and Cased Charge 
Responses 


The tests conducted on the three types of wall 
construction using the cased charges and the equivalent bare charges 
demonstrated that the combination of the fragment impact loads and 
the blast pressure loads associated with the detonation of a cased 
charge were a more severe environment than that created by the 
blast loads from an equivalent bare charge. In all of the tests 
conducted on the reinforced concrete panels, the cased charges 
created larger breaches in the panels than did any of the 
corresponding equivalent bare charges. The cased charge tests also 
generated concrete debris traveling at higher velocities than did 
the debris created by the equivalent bare charges. The initial 
shapes of the failed material was also different for the two charges. 
The bare charges produced a conical material failure shape which 
indicated the initiation of the failure at a point. The cased 
charges, however, produced a failure pattern on the rear face of 
the slabs which was hemispherical in shape indicating a spall and 
breach initiation over a larger area due to higher stresses generated 
by the combination of the fragment and blast impulses. The total 
back face spall areas were approximately the same size for the 
cased and equivalent bare charge tests and the equivalent bare 
charge tests caused a larger amount of wall rotation at the midspan 
than did the cased charge tests. The following paragraphs present 
details on the analyses of the data for each of the panel types: 


Tests on Panel-Type A - The tests conducted on the 
lighter reinforced concrete panel (Tests 9 - 12) demonstrated that 
the cased charges created significantly more breach damage to the 
panels than did the equivalent bare charges. TABLE 11 presents 
the maximum and the average velocities for the concrete debris 
generated by each of the tests with the exception of Test 9 which 
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had no debris velocity measurements. The debris for Test 10 which 
was the 2.7-pound equivalent bare charge test was measured at a 
velocity of 168 fps for the fastest fragments. The measured debris 
velocities for Test 11 (the 2.4-pound cased charge) and Test 12 
(the 2.4-pound equivalent bare charge) are presented in TABLE 11 
and show that the maximum debris velocity is much higher for the 
cased charge than for the bare charge, 336 fps for Test li and 140 
fps for Test 12. TABLE 12 compares the damage to the panels and 
includes data on the breach size, the back face spall size and the 
midspan rotation. As shown in TABLE 12, the 2.7 -pound cased charge 
test (Test 9) created a breach in the test panel approximately 20 
inches x 14 inches while the bare charge, Test 10 had a smaller 
breach of 14 inches x 7 inches. The spall area was relatively 
similar for both the cased charge (32 inches x 25 inches) and the 
bare equivalent charge (38 inches x 24 inches); however, the amount 
of rotation at the wall midspan was larger for the equivalent bare 
charge than for the cased charge, 8 inches as compared to 5.75 
inches. Tests 11 and 12 yielded results similar to that obtained 
in Tests 9 and 10, with the cased charge creating much more damage 
to the panel than the bare charge. The breach area for the cased 
charge is 28 inches x 12 inches as compared to 14 inches x 8 inches 
for the bare charge. The area of the back face that spalled is 
very similar for the two tests, 32 inches x 21 inches for the cased 
charge and 36 inches x 34 inches for the bare charge. The rotation 
at the wall midspan was larger for the equivalent bare charge (7 
inches) than the rotation for the cased charge (5.25 inches). 


A comparison between the two cased charge tests, Test 
9 and 11, shows that both the concrete spall velocity and the degree 
of damage are much higher for the thicker casing than for the thin 
casing. 


Tests on Panel-Type B - Tests 13 - 16 were tests 
conducted on the heavier reinforced concrete panels. These tests 
also showed that the cased charge tests created significantly more 
breach damage to the panels than did the equivalent bare charges. 
The maximum concrete debris velocities given in TABLE 11 show that 
the 2.7-pound cased charge (Test 13) generated debris traveling at 
a velocity of 210 fps while the debris for the 2.7-pound equivalent 
bare charge (Test 14) was traveling at 140 fps. The 2.4-pound 
cased test (Test 15) generated debris traveling at a velocity of 
approximately 291 fps. The 2.4-pound equivalent bare charge (Test 
16) involved a spherical charge rather than the cylindrical charges 
that were used on the other bare charge tests. The debris velocity 
for this spherical charge test was measured at 120 fps. The damage 
sustained by the panels is also presented in TABLE 12. As shown 
in TABLE 12, the 2.7-pound cased charge test (Test 13) created a 
breech in the test panel approximately 21 inches x 18 inches while 
the bare charge, Test 14 had a smaller breach of 14 inches x 10 
inches. The spall area tor both tests was very similar. The case 
charge created a spall area of 32 inches x 25 inches and the 
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equivalent bare charge created a spall area of 38 inches x 24 
inches. The panel rotation at the midspan was larger for the 
equivalent bare charge (2 inches) than for the cased charge which 
was 1.75 inches. The 2.4-pound cased charge and the 2.4-pound 
equivalent bare charge had different charge geometries and are 
discussed later in this section. 


A comparison of Tests 13 and 15, the two cased charge 
tests, shows that the concrete debris velocity for the 2.4-pound 
cased charge w2s traveling at a much higher velocity than the debris 
for the 2./7-pound cased charge. Similarly, the degree of damage 
is much higher for the thicker casing than for the thin casing. 


Tests on Panel-Type C - The tests conducted on the 
reinforced SIFCON panels, Tests 17 through 20 showed that the 
reinforced SIFCON panels sustained considerably less damage than 
the reinforced concrete panels, especially with the 2.7-pound cased 
and equivalent bare charge. As shown in TABLE 11, there were no 
measurable debris velocities for either the 2.7-pound cased charge 
or the 2.7-pound ory vercee charge. The 2.4-pound cased and bare 
charge tests showed that the debris generated by the cased charge 
was traveling at much pienee speeds than the debris for the 2.4-pound 
bare charge. The cased charge generated debris was traveling at 
a maximum velocity of 288 fps and the 2.4-pound equivalent bare 
charge generated debris was traveling at a slower velocity of 105 
fps. The actual damage sustained by the reinforced SIFCON panels 
tested with the 2.7-pound cased charge consisted of several cracks 
in the panel and one corner of a small section of SIFCON fibers 
separating from the wall. The panel rotated 0.75 inches at the 
midspan. The 2.7-pound equivalent bare charge caused even less 
damage with the wall having only a slight bulge in the center, but 
did cause a larger rotation of approximately 2 inches. These tests 
did show that even though the damage caused was minor, the cased 
charge created more damage than the equivalent bare charge. The 
tests with the 2.4-pound cased charge and the 2.4-pound bare cnarge 
further demonstrated the difference in damage mechanisms between 
the cased and bare charges. The 2.4-pound cased charge test resulced 
in a 12 inch x 8 inch breach and a 24 inch x 13 inch spall area 
while the 2.4-pound equivalent bare charge had no breach or spall 
area. As in the previous tests, the bare charge test resulted in 
a larger panel rotation (1.25 inches) than did the cased charge 
(0.875 inches). 


As was the case with the reinforced concrete tests, 
the comparison of the two cased tests, the 2.7-pound cased and the 
2.4-pound cased, showed that the thicker casing of the 2.4~-pound 
cased charge caused considerably more damage than the thinner case. 
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(2). Comparison of Spherical and Cylindrical 
Charges 


As previously mentioned, Test 16 which was the 2.4-pound 
equivalent bare charge test, using a spherical charge instead of 
a cylindrical charge. The purpose of this test was to determine 
what effects charge shape would have on the damage mechanisms. The 
spherical shaped charge test showed that shape does affect the 
damage mechanisms since the panel tested using the spherical bare 
charge sustained only minor damage, consisting primarily of several 
cracks in the panel with no breach or major spall. In all of the 
previous tests, the cased charges and their corresponding equivalent 

are charges caused some type of breach in the panels (see TABLE 
12) even though the cased charges did cause the larger breaches. 
In addition, the spall areas for the cased and the bare charge 
tests were very similar in size. Since Test 15 (the 2.4-pound 
cased charge) resulted in damage to the panel consisting of a 28 
inch x 24 inch breach area and a 35 inch x 4] inch spall area, 
considerably more damage was expected from the 2.4-pound spherical 
bare charge than was found. The reduction in the amount of damage 
to the panel in Test 16 cannot be attributed to the heavier 
reinforcement, because the 2./7-pound cased and the 2.7-pound 
equivalent bare charge tests conducted on the same heavier reinforced 
panel construction (Tests 13 and 14) both resulted in breaches and 
in sizable spall areas. The reduction in the damage to the test 
panel has to be attributed to the spherical shape of the charge 
which, in effect, reduces the area of the explosive which is in 
near contact with the panel. 


b. Pressures and Pressure Decay 


TABLES 16 and 17 contain reduced data from the carbon 
stress gage measurements and piezocrystal measurements made in 
Tests 13 through 16 and 19 and 20. While interpretation of these 
ae are difficult, some discussion is provided in the paragraphs 

elow. 


The first comparison that can be made is between the 
measured stresses generated by the lightly cased, heavily cased 
and bare equivalent charges. TABLE 16 shows that the heavily cased 
charges (2.4-pound cased) in Tests 15 and 19 produced significantly 
higher interior stresses than the lightly cased test (2.7-pound 
cased, Test 13) by a factor of 1.7 in the Type B panel. Additionally, 
the heavily cased charge produced stresses four times higher than 
the equivalent bare charge for Type B. In the SIFCON panels (Type 
C) the stresses are much higher due to the increased density and 
impedance. CG2 in the SIFCON shows an increase of 4.5 times over 
the equivalent bare charge. 
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Attenuation of the stress is also difficult to analyze 
because of gage location effects (carbon stress gages were not 
located directly behind one another). It should be noted, however, 
that attenuation is significantly larger in the equivalent charge 
tests (14, 16 and 20) than in the cased charge tests. 


Last, time-of-arrival data are troublesome. The 
piezocrystal responses are omnidirectional and apparently responded 
to both through thickness and lateral wave propagation. These 
gages can be used more successfully in future work by isolating 
the gage sides from the stress pulse such that their responses are 
unidirectional. 


c. Data Analysis and Comparison with Existing Data 


Data from reference 21 were reviewed and combined with 
data generated in this test program to assess the local effects of 
blast and fragments on breach and spall. TABLE 18 presents these 
data along with calculations made for adjusted charge weight, scaled 
spall diameter, breach diameter and applied impulse rate. The 
charge weights of all of the explosive charges considered in the 
table and in Figures 93-96 were adjusted first according to surface 
conditions (ground or free air), second by aspect ratio of the 
charge to account for enhanced effects of cylinders at small 
standoffs, and finally according to casing effects by increasing 
the charge weight linearly as a function of charge weight to case 
weight ratio. Aspect ratio effects were considered to be negligible 
at scaled standoffs greater than 1.0 ft/lb'’*, and were a maximum 
of the square root of the aspect ratio times the charge weight at 
very small standoffs. Casing effects were considered to be 
negligible at standoffs greater than a standoff to case diameter 


ratio of 10.0, and were a maximum of eae times the charge weight 
at very small standoffs. 


The relationships developed and presented in TABLE 18 
are estimates of the true interactions at small standoffs, but are 
reasonable, and serve to illustrate the trends of spall and breach 
diameter shown in Figures 93 and 94. The objective of future 
research in the combination of blast and fragment loads will be to 
define the true relationships between fragment density and generated 
stress, and the resulting structural damage and breach. Figures 
95 and 96 show the effect of load rate on spall diameter and breach 
diameter for given charge weights. Measured stresses and durations 
from tests reported in the previous sections as well as those 
presented in Reference 21 were used to generate a load rate, which 
is simply the rate of application of impulse or one-half the peak 
stress value for a triangular load. The point here is that the 
combined blast and impact (fragment) loads produced much shorter 
pulses (a higher rate) and larger or greater damage. 
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B. EVALUATION OF EXISTING PREDICTIVE TECHNIQUES 


Three techniques for local breach prediction were reviewed for 
applicability for prediction of breaching responses in reinforced 
concrete. 


l. Severe Dynamic Loads (Krauthammer) Code 


The techniques presented and the code described in the 
references reviewed (References 17 and 18) do not truly consider 
breaching response in concrete structures. Localized loads are 
considered, but only to predict shear response and flexurai response. 
One calculation with this code was made for the 2.7-pound charge 
and the Type A panel. A maximum displacement of 1.2 inches was 
predicted with no local breach. A rotation of 5.75 inches was 
achieved in Test 9. Data from the analysis are included in Appendix 


2. WES Code 


The techniques presented in Reference 19 do not specifically 
address breach; however, some details of localized, nonuniform 
loading presented are more complete than those considered in the 
other codes. No calculations were made since breach was not 
considered. 


3. REICON 


The REICON code (Reference 20) was exercised for all cases 
tested. This code considers localized loading and breaching as 
well as charge shape effects. Comparisons of REICON predictions 
and test values are presented in TABLE 19. It can be seen that 
the casing effects (not considered in REICON) cause some disparity 
to occur between predicted and actual results. Output from code 
runs is included in Appendix I. 
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TABLE 19, COMPARISONS BETWEEN REICON CODE PREDICTIONS AND TEST 
MEASUREMENTS FOR PANEL TESTS 9 - 20. 
Rotation 


Predicted| Actual | Predicted 
Test Charge Panel Breach’ Breach’? | Rotation 
Weight Type (inches) { (inches) | (inches) | (inches) 


Actual 


B 6 
17 C ie: 0.75 
; 0.0 10.0 0.88 


1) Circular breach 
2) Average of horizontal and vertical diameters measured 
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Figure 93. Scaled Spall Diameter versus Scaled Range. 
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Figure 94. Scaled Breach Diameter versus Scaled Range. 
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Figure 95. Scaled Spall Diameter versus Load Rate. 
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Figure 96. Scaled Breach Diameter versus Load Rate. 


SECTION V 
CONCLUSIONS AND RECOMMENDATIONS 
A. CONCLUSIONS 


This report has documented the Phase I procedures used and 
tests conducted in support of the overall study concerning the 
synergism observed between blast and fragments for close in bomb 
loadings on common construction materials. 


The results reported in the previous sections serve well to 
indicate the validity of the synergism in the described loadings. 
Increases in panel damage were observed, and loads were quantified 
and measured on the exterior and inside the tested structures to 
define the fragment effects. Increases in stresses internal to 
the panels were shown to be up to four times those observed for 
bare explosive charges. 


Specifically, the tests conducted on the three types of wall 
construction using the cased charges and the equivalent bare charges 
demonstrated that the combination of the fragment impact loads and 
the blast pressure loads associated with the detonation of a cased 
charge were a more severe environment than that created by the 
blast loads from an equivalent bare charge. In all of the tests 
conducted on the reinforced concrete panels, the cased charges 
created larger breaches in the panels tian did any of the 
corresponding equivalent bare charges. The cused charge tests also 
generated concrete debris traveling at higher velocities than did 
the debris created by the equivalent bare charges. The initial 
shapes of the failed material was also different for the two charges. 


The important comparison that can be made is between the measured 
stresses generated by the lightly cased, heavily cased and bare 
equivalent charges. It can be seen from TABLE 20 that the heavily 
eased charges (2.4-pound cased) in tests 15 and 19 produced 
significantly higher interior stresses than the lightly cased test 
(2.7-pound cased, test 13) by a factor of 1.7 in the Type B panel. 
Additionally, the heavily cased charge produced stresses 4 times 
higher than the equivalent bare charge for Type B. In the SIFCON 
panels (Type C) the stresses are much higher due to the increased 
density and impedance. CG2 in the SIFCON shows an increase of 4.5 
times over the equivalent bare charge. It is important to note 
that these comparisons are being made for charges of equivalent 
impulse, not simply equivalent explosive weight. The fragment 
impulse is being accounted for in the bare charge equivalent weight. 
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TABLE 20. PIEZORESISTIVE SHOCK PRESSURE CARBON GAGE (CG) DATA. 


Pressures (psi) 


Gage 
Location 
(App. C | Test 13 | Test 14 Test 16 Test 20 
Location) | (B/2.7C) | (B/2.4E) (B/2.8E) (C/2.8E) 


34467 58000 14000 | >100000 | >100000 
33495 4133 43500 8200 68000 | 14500 | 
(9) _ | (22000) 

CG3: 32973 4688 4592 18000 9650 

(12) (bur_, 

CG4: 35054 7432 15000 | No Data] 7000 3000 
_(10) | (7500) (3000) 


Note: (B/2.7C) 


Wall Type B/2.7-pound Cased Charge 


(B/2.4E) = Wall Type B/2.4-pound Equivalent Bare Charge © 
(B/2.4C) = Wal. Type B/2.4-pound Cased Charge 

(B/2.8E) = Wall Type B/2.8-pound Equivalent Bare Charge 
(C/2.4C}) = Wall Type C/2.4-pound Cased Charge 

(C/2.8E) = Wall Type C/2.8-pound Equivalent Bare Charge 


B. RECOMMENDATIONS 


Future work in the definition of the synergism in blast and 
fragment loadings should include a second phase of laboratory testing 
and some additional analysis as well]. as some effort to integrate 
the information derived from research and testing into design 
guidance sor protective construction. These phases should be 
conducted as follows: 


PHASE II: 


(1) Laboratory tests and numerical analysis to define 
fragment and blast shock front interaction and 
material failure in a loaded specimen. These tests 
would consist of gun launching fragments into 
instrumented construction targets. Measured 
stresses would indicate the extent to which the 
stress pulses from blast and impact coalesce. They 
would be assessed with blast by simultaneously 
detonating a sneet of high explosive to create a 
simulated ccneurrent blast pulse. 
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(2) 


would be assessed with blast by simultaneously 
detonating a shest of high explosive to create a 
simulated concurrent blast pulse. 


Characterization of response mode change with 
respect to standoff based on fragment density and 
shock intensity calculations. It will be essential 
to define the standoffs at which synergism or blast 
fragment interaction for stress wave generation 
can be expected. These tests can be conducted 
subscale with modelled bombs and targets. 


PHASE IIT: 


(1) 


(2) 


Analytic model development/refinement to allow the 
prediction and definition of synergistic effects, 
response modes, and response magnitude 


Selection of optimum materials and structural 


configurations for combined blast and fragment 
loading scenarios 
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APPENDIX B 


Test Data from Cased Charge Loads Tests 
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APPENDIX C 


Test Data from Panel Tests 
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APPENDIX F 


Fragment Data from the 2.4 Pound Cased Charge Test 
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Severe Dynamic Environments (Krauthammer) Code Output 
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